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Abstract 
 
One of the major challenges for agriculture today is to manage soil properties 
and their spatial distribution to optimize productivity and minimize environmental 
impacts, such as diffuse pollution. To identify best management practices, the 
effects of different agricultural management practices on pollutant sources, 
mobilization, transfer and delivery to water bodies need to be understood. 
Grasslands managed for dairy and meat production, despite being widespread, 
have received less research attention than other agricultural land uses. 
Therefore, this thesis studies the effects of different grassland management 
practices on soil properties and their spatial distribution and the mobilization 
and delivery of multiple diffuse pollutants. 
     As a grassland case study, monitoring for this thesis was conducted across 
three fields (6.5 – 7.5 ha) on the North Wyke Farm Platform, a grassland 
experimental farm in the UK. First, the effects of permanent grassland 
management (permanent for at least 6 years, but different grassland 
management > 6 years ago) were characterized as a baseline, followed by 
quantifying the short-term effects of ploughing and reseeding of permanent 
grassland fields. Throughout those management periods, i) a range of soil 
physical (bulk density [BD]) and chemical (soil organic matter [SOM], total N 
[TN], total phosphorus [TP], total carbon [TC]) soil properties and their spatial 
distribution were sampled and analysed by geostatistics, and ii) hydrological 
characteristics and multiple pollutant fluxes (suspended sediment [SS] and the 
macronutrients: total oxidized nitrogen-N [TONN], total phosphorus [TP], and 
total carbon [TC]) were monitored at high temporal resolution (monitoring up to 
every 15 minutes). 
     The permanent grassland fields (or areas within fields) can be considered to 
be functioning differently. Past management legacy (more than 6 years ago) 
has affected soil properties and their distribution with subsequent effects on 
sediment and macronutrient delivery from the fields to surface waters. Overall, 
permanent grasslands were found to contribute significantly to agricultural 
diffuse pollution. The estimated erosion and macronutrient losses were similar 
to or exceeded the losses reported for other grasslands, mixed land use and 
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even arable sites, and sediment and TP concentrations exceeded those 
recommended by EU / UK water quality guidelines. 
     Ploughing and reseeding did not homogenize spatial variation and did not 
override past management effects. Long-term management differences affected 
soil properties and altered soil processes, so that the fields subsequently 
responded differently to ploughing and reseeding. All nutrient concentrations 
were significantly reduced in the older grassland field (no ploughing for 20 
years), but not in the younger grassland field (no ploughing for 6 years). 
Ploughing and reseeding significantly accelerated the losses of sediment and 
macronutrients and sediment, TP and TONN exceedance frequencies of EU / 
UK water quality guidelines increased. Additionally, ploughing and reseeding 
caused a shift in the relative importance of nutrients, by increasing the relative 
importance of N. 
     Such large sediment and nutrient losses from intensively managed 
grasslands should be acknowledged in land management guidelines and advice 
for future compliance with surface water quality standards. The between-field 
and within-field variation highlights the importance of baseline characterization 
and paired catchment studies. The long-term effects of management still acting 
on soil properties and subsequently water quality indicates how long it may take 
to see soil and water quality improvements after implementing mitigation 
measures. Therefore, long-term management history always has to be included 
when interpreting soil and water quality data. 
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Chapter 1 
 
Introduction 
 
This thesis aims to study the effect of agricultural management on the 
environment, its health and functioning; and more specifically, the impacts of 
agricultural grassland management practices on the degradation of soil and 
water quality. Over the past 50 years, intensification of agricultural management 
has resulted in greater and more rapid changes in ecosystems than ever before 
in human history (Matson et al., 1997; Bennett & Balvanera, 2007). Sixty 
percent of ecosystems are now classed as degraded (MEA, 2005), via loss of 
topsoil, disruption of nutrient cycles, diffuse water pollution, flooding and green-
house gas emissions. Such ecosystem degradation affects human health, well-
being, security and economic systems (MEA, 2005; Bennett & Balvanera, 
2007). For example, soil degradation threatens future food security and 
agricultural diffuse pollution of water has effects on human well-being in terms 
of health (polluted drinking and bathing water), security (muddy floods, future 
resources of clean water) and incurs high economic costs (Parris, 2011). 
Finally, environmental degradation has been linked to the collapse of early 
human civilizations (Balmford & Bond, 2005). In total, good environmental 
functioning has been estimated to be worth $ 125 - 145 trillion a year globally 
(2011 prices) (Constanza et al., 1997; 2014; Balmford & Bond, 2005; Daily et 
al., 1997). 
 
     Agricultural yields have doubled in Europe and the United States over the 
past 50 years (Foley et al., 2011; McGonigle et al., 2012; Howden et al., 2013). 
Such increases in yield were achieved by developing new crop varieties as well 
as altering the environment in which the crops grow by adding nutrients that are 
required for crop growth, improving soil physical conditions (via tillage), and 
altering soil moisture conditions, via artificial drainage or irrigation in areas 
where it is required (Foley et al., 2005; Foley et al., 2011; Wall et al., 2012; 
Howden et al., 2013). As a consequence, agricultural food production was 
effectively decoupled from the natural environmental conditions and ecosystem 
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functions by which food production had always been limited in the past (Foley et 
al., 2005; Dungait et al., 2012).  
 
     Today, the human population is facing the challenge of continuously needing 
to increase food production, whilst minimizing the environmental impact (Foley 
et al., 2011; Foresight, 2011; McGonigle et al., 2012). Agricultural land covers a 
greater land area than any other individual land use globally (40 %), in OECD 
countries (50 %) and in the United Kingdom (70 %) and is likely to expand and 
intensify further to meet the increasing demand of a growing human population 
(Foley et al., 2005; Bennett & Balvanera, 2007; Gordon et al., 2010; Power, 
2010; Foley et al., 2011; NEA, 2011; 2014). The way in which humans decide to 
meet future food needs, will control the health and functioning of the 
environment as well as human health and wealth (Bennett & Balvanera, 2007). 
Therefore, a sustainable intensification of land use on the land already 
designated to agricultural land use is required; to increase food production 
whilst minimizing the degradation of the environment (Carpenter et al., 2009; 
Foresight, 2011; McGonigle et al., 2012). 
     To achieve sustainable intensification of agriculture, best management 
practices need to be identified that combine maximum food production with 
minimum environmental impacts (McGonigle et al., 2012). Therefore, the 
environmental impacts of different agricultural management practices need to 
be understood in detail. In terms of agricultural diffuse pollution, the influences 
of management practices on pollutant sources, their mobilization, transfer and 
delivery to water bodies must be understood (Haygarth et al., 2005). Once best 
management practices have been identified, such knowledge needs to be 
incorporated in decision making and policy regulations; so that good 
management practices become widely implemented over time (McGonigle et 
al., 2012). 
     To date, extensive research has been conducted on the relationship 
between agricultural management and diffuse water pollution, and a complex 
policy infrastructure has been put in place to regulate and reduce the 
environmental impacts of agriculture. An example of this is the EU Water 
Framework Directive (WFD), which provides the overarching framework for 
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water protection in the EU and requires Member States to restore water courses 
to ‘Good Ecological Status’ by 2015. However, despite these efforts, the 
problem of agricultural diffuse pollution has not been solved. The detailed 
influence of agricultural management on diffuse pollution is still not fully 
understood and more than half of all water courses in the EU failed to reach 
good ecological status in 2012 (EEA, 2012), despite the EU-wide 
implementation of mitigation measures. Whilst a lot of mechanistic 
understanding has been generated, the scientific evidence mostly emphasizes 
the importance of variability and shows the high level of complexity in the 
research field (Harris & Heathwaite, 2012). There is often a mismatch between 
real-world farm management settings and those required to provide reliable 
scientific evidence from controlled experiments. Consequently, the ability of 
research to highlight clear recommendations is limited, and the direct translation 
of research findings into policies is complicated. Additionally, there is a 
mismatch between the time when regulation is required and the time it takes to 
provide sound and reliable scientific evidence to do so (Schroeder, 2004; 
Blackstock et al., 2010). 
     Therefore, there is an ongoing need for targeted and improved research 
(Brown et al., 2010; Foresight, 2011; McGonigle et al., 2012; Sutherland et al., 
2006; 2010). Some of the questions that need to be answered include: 
 What do we need to do to enhance our detection of water quality 
improvements and the effectiveness of mitigation measures? 
 How inherently variable are agricultural systems in space and time? 
 How can water quality monitoring become more ecologically relevant? 
 Have wrong assumptions been made in the past? For example, do wide-
spread grassland systems contribute as little to diffuse pollution as they 
have been assumed to? 
 How can research bridge the gap between the demands for providing 
robust, reliable scientific evidence, and the demands to be relevant to 
policy making? 
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Chapter 2 
 
Context of Research 
 
I. Introduction: the importance of understanding the effects 
of agricultural management on soil and water quality  
 
Agricultural land use inevitably alters soil properties to maximize crop 
production in the short term (Powlson et al., 2011). These practices include a) 
the alteration of soil physical conditions by tillage, livestock trampling or use of 
heavy machinery, b) the addition of nutrients in the form of fertilizers and 
manures, c) the modification of vegetation cover by cultivating different 
varieties, planting a uniform vegetation cover, reducing overall vegetation cover 
by regular harvesting, by livestock grazing or by removing vegetation cover 
completely by ploughing, d) changing of natural soil moisture regimes by either 
draining soils or irrigating soils where required (Foley et al., 2005; Foley et al., 
2011). Such alterations affect soil quality on-site with subsequent short and 
long-term effects on soil physical processes and nutrient cycling and cause off-
site diffuse water pollution (Bilotta et al., 2007a; Pilgrim et al., 2010; Dick et al., 
2011b). 
     Soil quality refers to the soil’s physical and chemical properties which 
determine its capacity to function, sustain plant and animal production, support 
human health, and regulate nutrient cycles in a way which minimises the 
environmental impact of surrounding ecosystems, such as the losses of key 
nutrients and sediment particles to freshwater and eventually oceans (Haygarth 
& Ritz, 2009; Creamer et al., 2010). Agricultural management causes threats to 
soil quality by causing soil compaction, soil loss, decline of organic matter and 
soil organic carbon and contamination by over-application of nutrients, 
pesticides and herbicides (Creamer et al., 2010).  
     Soils are connected to ground and surface water by rainfall infiltrating into 
the soil profile and leaching either through to the groundwater or reaching 
surface waters via surface runoff or sub-lateral flow. Agricultural diffuse 
pollutants, such as suspended sediment (SS) and the macronutrients carbon 
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(C), nitrogen (N) and phosphorus (P), are mobilized, transported and delivered 
to freshwater ecosystems, where they may cause a deterioration of water 
quality (Haygarth et al., 2005; McGonigle et al., 2012). Water quality refers to 
properties of water in terms of its physical (turbidity, suspended sediment, 
temperature, flow dynamics), chemical (nutrient status, contamination) and 
ecological status (microbes, macroinvertebrates, macrophytes, species 
richness) (Brauman et al., 2007; Bilotta et al., 2008).  
     Agriculture is considered to be responsible for 55 % of the non-point water 
pollution in the EU (Buckley & Carney, 2013a) (Figure 2.1). Today, more than 
half of all European water courses (EEA, 2012), 40 % of water courses in the 
USA (Evans-White et al., 2013) and two thirds of all surface waters in the UK 
(McGonigle et al., 2012) do not reach good ecological status (Figure 2.2). In the 
UK alone, diffuse agricultural pollution contributes to water quality failures by 
being the source for 72 % of sediments  and high proportions of macronutrients: 
81 % of N and 31 % of P (Zhang et al., 2014). Carbon is not yet included in 
water quality guidelines in terms of freshwater ecosystem health, but rising C 
concentrations in surface waters are known to have an impact on water quality 
(Edwards et al., 2008). These pollutants have effects on human well-being in 
terms of health (polluted drinking and bathing water), security (flooding) and 
incur high economic costs (Pretty et al., 2003; Parris, 2011). Also, they have 
impacts on aquatic biota ranging from direct toxic effects to ecological 
deterioration due to eutrophication. The increased occurrence of algal blooms 
associated with eutrophication (Smith et al., 2006) causes subsequent 
dissolved oxygen depletion, reduced light availability, cascading through the 
entire aquatic food web, perturbing the balance of organisms and is generally 
reducing invertebrate and fish abundance and diversity (Smith & Schindler, 
2009). 
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Figure 2.1. Proportion of surface water bodies in the EU member states affected 
by pollution pressures associated with agriculture. Source: EC, 2012a. 
 
a) Rivers and Lakes b) Coastal Waters 
 
 
Figure 2.2. Proportion of classified surface water bodies in EU member states 
that were classified as less than good ecological status a) in rivers and lakes, 
and b) in coastal and transitional waters. Source: EEA, 2012 
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     This literature review follows the conceptual framework of the problem-
solving machinery that is laid out in figure 2.3: A synthesis of scientific research 
findings forms the scientific evidence base, on which decisions are made 
towards policy implementation with the aim of mitigating, in this case, the issues 
of soil degradation and agricultural diffuse pollution. Once policies are 
implemented, their effectiveness is monitored which feeds back to scientific 
research. It raises new questions that need to be addressed in scientific 
research to be incorporated into a new, more advanced scientific evidence 
base, on which more informed decisions are made which lead to a policy 
reform.  
 
 
Figure 2.3. Conceptual framework of the problem-solving machinery. A 
synthesis of scientific research findings forms the scientific evidence base, on 
which decisions are made towards policy implementation with the aim of 
mitigating the issues of soil degradation and agricultural diffuse pollution. Once 
policies are implemented, their effectiveness is monitored which feeds back to 
scientific research. It raises new questions that need to be addressed in 
scientific research to be incorporated into a new, more advanced scientific 
evidence base, on which more informed decisions are made which lead to a 
policy reform.  
 
     Following this framework, this literature review provides an overview of the 
scientific evidence available on the effects of agricultural management on the 
soil-to-water continuum. Following this, the current policy approaches to 
mitigate soil degradation and agricultural diffuse pollution that are in place in the 
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EU and more specifically the UK are discussed, followed by an evaluation of the 
effectiveness of those policies. The last section identifies issues that may be 
limiting the effectiveness of policies and that have to be incorporated and 
addressed in scientific research; some of which were addressed in this thesis. 
 
 
II. Overview: The effects of agricultural management on the 
soil to water continuum 
 
A. Effects of agricultural management on soil structure, soil 
physical properties and soil erosion 
 
The soil is the most important growing medium for agricultural crops. It provides 
nutrients to plants and an environment for microorganisms and fauna, which in 
return cycle key nutrients (Powlson et al., 2011). Soils therefore provide the 
basis of food production. Soils are a porous medium, made up of inorganic 
particles (derived from the underlying geology) and organic particles (derived 
from past and present vegetation cover) (Bilotta et al., 2007a). The proportion of 
inorganic to organic particles, the sizes of inorganic particles and their 
arrangement (as well as many other factors) determine soil type and structure 
and the way in which rainwater infiltrates through soils (in combination with a 
wide range of other factors, such as rainfall intensity, topography and vegetation 
cover) (Ward & Robinson, 2000; Bilotta et al., 2007a; Haygarth & Ritz, 2009). If 
rainwater moves rapidly through or over the soil surface down slopes rather 
than being infiltrated and retained by soils, soil particles can be mobilized by 
physical detachment and transported to surface waters. This loss of topsoil due 
to erosion impacts soil structure, soil fertility and water quality (Lal, 2001; 
Creamer et al., 2010). As soil losses by erosion are in general greater than soil 
formation rates (typically 30 – 40 times higher), soils are now considered as 
non-renewable resources (Creamer et al., 2010; Hancock et al., 2015). 
     Erosion rates have been accelerated 10-1000 times by human activities, 
compared to natural erosion rates, mostly by agricultural land management 
(Montgomery, 2007). The use of heavy machinery or livestock trampling causes 
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deterioration of soil structure via soil compaction. Soil compaction refers to the 
compression of soils resulting in reduced air spaces in the soil, a higher density 
of soil per volume of soil (bulk density). Compaction reduces infiltration capacity 
of soils and therefore promotes surface runoff generation and reduces 
resilience to erosion (Bilotta et al., 2007a; Creamer et al., 2010; Matthews et al., 
2010). If soil structure is already impacted, for example if soils are waterlogged 
or frozen, further reductions in soil quality are more likely (Creamer et al., 2010).      
A healthy and dense vegetation cover is key to a good soil structure and 
provides protection from soil erosion (Ward & Robinson, 2000). Vegetation 
cover intercepts raindrops and thereby reduces their kinetic energy, enhances 
infiltration and provides additional surface roughness above ground. Below-
ground, high root density increase aggregate stability, increase water-holding 
capacity and reduce rill and interill formation (Gyssels, 2003; 2005; DeBeats, 
2006; Powlson et al., 2011). Therefore, reducing vegetation cover reduces soil 
quality and increases soil erosion rates.  
     Ploughing is known to increase soil erosion and deterioration in soil structure 
long-term, because it breaks up soil aggregates, thereby reducing the stability 
of the soil to detachment (Six et al., 2000; Soussana et al., 2004; Grandy & 
Robertson, 2006). Additionally, ploughing (lifting soil and re-placing it) causes a 
downslope movement of soil; therefore, ploughing per se is a soil degradation 
process (Govers et al., 1994). 
     The accelerated delivery of sediment particles to surface waters has several 
impacts. Rivers with high sedimentation rates may have reduced water holding 
capacities, leading to increased risk of flooding (Bilotta et al., 2008). 
Additionally, suspended sediments have direct effects on aquatic biota, such as 
the clogging of respiratory organs with subsequent effects on biodiversity 
(Bilotta & Brazier, 2008; Jones et al., 2012). Suspended sediments are also 
responsible for the transport of a range of other contaminants, such as organic 
pollutants and nutrients (Bilotta & Brazier, 2008). 
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B. Effects of agricultural management on soil organic matter, soil 
carbon and carbon export to surface waters  
 
After soil physical structure (and acidity and salinity), soil organic matter (SOM) 
is the soil property with the greatest impact on soil quality and functioning 
(Kristensen et al., 2003; Haygarth & Ritz, 2009; Powlson et al., 2011). Soil 
organic matter is crucial for food production (Dungait et al., 2012). The cycling 
of SOM determines the cycling of the macronutrients C, N and P (Silveira, 
2005). SOM improves soil structure as it is an essential component of soil 
aggregates, it improves water holding capacity (Franzluebbers, 2002) and 
microbiological activity, and it is a major source of energy for soil biota 
(Haygarth & Ritz, 2009). Organic matter or organic C (OC) inputs to soils occur 
naturally by root deposition or by decomposing plant matter or any other living 
cells and tissue (Soussana et al., 2004; Haygarth & Ritz, 2009). In soils, SOM 
or soil organic carbon (SOC) occur either as dissolved, bioavailable forms in the 
soil solution, or as non-bioavailable forms in micro or macroaggregates 
(Silveira, 2005; Creamer et al., 2010). The main component of SOM is SOC (48 
- 60 %) (Rossel et al., 2001), but SOM is also an important source of other 
nutrients, such as N and P (Foth & Turk, 1972). Soil organic matter or C is 
mobilized from the soil and delivered to surface waters either as dissolved or as 
particulate C, which is either sorbed to sediment particles, mobilized as part of 
microaggregates, or mobilized directly as excreted manures or Farm Yard 
Manure (FYM) particles immediately after applications (Hope et al., 1997a; 
Hope et al., 1997b; Quinton et al., 2006; Quinton et al., 2010; Glendell & 
Brazier, 2014). 
     Agricultural soils store less SOM than natural soils (Creamer et al., 2010), 
with SOM either lost as greenhouse gas emissions (Foley et al., 2011) or via 
water (Quinton et al., 2006; Quinton et al., 2010; Glendell & Brazier, 2014). The 
reduced vegetation cover in agricultural land causes the reduced SOM inputs 
below and above-ground (Powlson et al., 2011). Ploughing also causes a 
reduction in SOM in agricultural soils by increasing SOM / SOC degradation 
(Soussana et al., 2004; Grandy & Robertson, 2006; Acharya et al., 2012; 
Beniston et al., 2014). Soil organic matter that was previously stored in deeper 
soil horizons becomes exposed to air and microbes. Soil aggregates which 
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previously protected SOM from degradation, are broken up and expose SOM to 
mineralization (Paustein et al., 2000; Six et al., 2000; Soussana et al., 2004; 
Kalbitz et al., 2005; Grandy & Robertson, 2006). This reduced protection of 
SOM / SOC within the soil accelerates its mobilization from the soils and 
delivery to surface waters (Franzluebbers, 2002; Lal, 2005; Glendell & Brazier, 
2014). Manure applications and inputs by grazing animals causes an increase 
in soil dissolved organic matter (DON) or addition of OM to the soil surface, 
which can be easily mobilized and transported to surface waters (Chantigy, 
2003). 
     Large C concentrations in water reduce dissolved oxygen contents and 
therefore affect aquatic fauna and flora indirectly (Edwards et al., 2008; 
Sandford et al., 2013). Additionally, C in drinking water is thought to be 
carcinogenic and the discolouration caused by dissolved organic C (DOC) in 
water incurs high costs for the water treatment industry (Worall & Burt, 2007). 
 
C. Effects of agricultural management on soil nitrogen and its 
export to surface waters 
 
Nitrogen is contained in proteins and is therefore essential for all organisms, 
and is a key limiting nutrient for agricultural crops (Dungait et al., 2012; 
Marschner, 2012). Nitrogen occurs in the soils either as inorganic forms (Nitrate 
NO3
-, Nitrite NO2
-, Ammonium NH4
+), mostly stored in dissolved form in the soil 
solution, or as organic N in organic matter particles, locked up in soil 
aggregates or applied as organic manures (Chadwick, 2000). Most forms of 
organic N need to mineralize to become available for plant uptake (Chadwick, 
2000). Naturally, N inputs into soils occur by SOM inputs from the overlying 
vegetation cover or biological N fixation (Dungait et al., 2012). The forms of N 
that are typically mobilized and delivered to surface waters are dissolved 
inorganic or organic N, mobilized by diffusion from the soil water to rainwater 
during low flow periods (Webb & Walling, 1985; Gächter et al., 2004; Granger et 
al., 2010; Graeber et al., 2012) or N sorbed to sediment / SOM, mobilized by 
physical detachment. 
     Agriculture has increased the global N cycle by ca. 100 % (Whitehead & 
Crossman, 2012). Agricultural N inputs either in inorganic form (manufactured 
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inorganic fertilisers) or in organic form (manures / slurries / faeces) have raised 
soil N levels and have increased the soil pool available for N mobilization to 
surface waters (Burt et al., 2011). Furthermore, natural N cycling processes are 
disrupted by agricultural N inputs. Biological N fixation is reduced, rates of N 
mineralization are decreased and crops use N less efficiently, so that crop 
production becomes increasingly dependent on further nutrient additions rather 
than utilizing the already high soil N sources (Dungait et al., 2012). Ploughing 
causes mineralization of organic matter and therefore organic N sources in the 
soil become available to following season’s crop, but may also be increasingly 
lost to water (Eriksen, 2001; Sharpley, 2003; Eriksen et al., 2004; Hansen et al., 
2005; Burt et al., 2011). 
     Elevated N in drinking water is associated with human health issues, such as 
being carcinogenic and causing reproductive and developmental problems (Kay 
et al., 2012). Nitrogen impacts in water courses range from direct toxic effects of 
NO2
-, which is potentially toxic to aquatic fauna even in low concentrations 
(Lewis & Morris, 1986), to causing eutrophication, mostly reported in coastal 
areas (Maier et al., 2012), but also likely in freshwater systems. Eutrophication 
refers to an accelerated aquatic primary productivity, which is generally 
associated with excessive growth of algae with subsequent effects on light 
availability and dissolved oxygen. Consequently, such changes alter aquatic 
species abundance and composition, generally associated with a decline in 
invertebrate and fish species (Bilotta et al., 2008). Water treatment costs for N 
are estimated to be approximately £ 15 million per year in the UK (2001 prices) 
(Pretty et al., 2003). 
 
D. Effects of agricultural management on soil phosphorus and its 
export to surface waters  
 
Phosphorus is an essential element for all organisms, as it is a constituent of 
cytoplasmic membranes, bones and teeth, deoxyribonucleic acid (DNA) and 
adenosine triphosphate (ATP), and an essential nutrient for agricultural crops 
(Hart et al., 2004; Cordell et al., 2009; Marschner, 2012; Darch et al., 2013). 
Soil P is naturally derived from the weathering of sedimentary deposits with long 
residence times (Cordell et al., 2009; Darch et al., 2013) and from plant and 
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microbial residues (Darch et al., 2013). Soils are naturally low in P. Soil P 
occurs as either inorganic P, which is considered as being readily available to 
plants, or as organic P, which needs to be hydrolyzed to inorganic P to become 
available (Darch et al., 2013). Both forms of P can be either dissolved in the soil 
solution or sorbed to sediment particles or occur as part of plant material or 
microbial cells (Darch et al., 2013). Soil P is mobilized by different processes, 
by solubilization in the water (chemical mobilization) or by detachment of 
particulate P sorbed to sediment particles (physical mobilization) (Darch et al., 
2013). Soil particle detachment generally occurs during high energy flows 
(during storm events), whereas solubilization may occur in lower flows (Turner 
& Haygarth, 2000; McDowell et al., 2001; Hart et al., 2004; Jordan et al., 2005; 
Darch et al., 2013). 
     The global P cycle has been increased by ca. 400 % due to agricultural 
practices (Whitehead & Crossman, 2012). Additions of P, either by mineral 
manufactured inorganic P fertilizer or organic P in manures or slurry, have led to 
an accumulation of P in agricultural soils (Eghball, 2002; Sharpley, 2003). For 
example, the P surplus in grasslands in the UK is estimated to be up to 24 kg P 
ha-1 year (Haygarth et al., 1998). Phosphorus fertilization is known to disrupt the 
natural P cycle in soils resulting in less organic P to inorganic P conversion than 
in natural soils and crop P use efficiency has reduced in high P environments 
because the innate mechanisms of P acquisition by natural plants are not found 
in many agricultural crops (Dungait et al., 2012). Such reduced P use efficiency 
in crops causes an increased dependency on P inputs. However, global rock 
phosphate reserves are predicted to soon get exhausted and the reserves are 
owned by only a few, politically instable countries (Power, 2010; Darch et al., 
2013). Additionally, amendments of P can cause incidental losses to surface 
waters, when fertilizer / manure applications occur before rainfall events or 
higher P losses in general occur due to the increased P stores in agricultural 
soils (Preedy et al., 2001; Eghball, 2002; Sharpley, 2003). Reduced vegetation 
cover increases the losses of particulate P by increased rates of soil erosion. 
Ploughing causes P mineralization as well as accelerates erosion rates, thereby 
increasing P losses after ploughing (Addiscott, 1988; Sharpley, 2003; Butler & 
Haygarth, 2007). 
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     A rise in P, even to concentrations as low as 10s of micrograms L-1 in 
freshwater systems can cause eutrophication (Ulen et al., 2007; Bilotta et al., 
2008). Water treatment costs of P (and soil) removal are estimated to be $ 55 
million year-1 in the USA (2000 prices) (Pretty et al., 2000). 
 
 
 
 
     The above review illustrates the many processes involved throughout the 
soil-to-water continuum, most of which are profoundly altered by agricultural 
management. These processes and how they are altered are summarized in 
table 2.1, organized as source, mobilization, transport and delivery to the 
impacts in surface waters.  
 
These processes do not only affect water quality, but are interlinked with a 
range of other ecosystem services, and many trade-offs occur between these 
different services (Table 2.2) (Swinton et al., 2007; Carpenter et al., 2009). Soil 
structure, nutrient cycling and soil biodiversity are considered as supporting 
services, affecting the regulating services, like hydrological regulation, erosion 
regulation and water quality regulation. Also, nutrient cycling and biodiversity in 
the water support water quality regulation. The provisioning of supporting and 
regulating services are generally positively correlated, whereas provisioning 
services, such as agricultural food production  have negative trade-offs with the 
provisioning of supporting and regulating ecosystem services (Pilgrim et al., 
2010; Smart et al., 2010; Dick et al., 2011a; NEA, 2011). 
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Table 2.1. Summary of the soil-to-water continuum in agricultural 
landscapes. Ecosystem structure (first column) affects the processes 
(second column), that determine the individual continuum components 
source, mobilization, transport, delivery and impact (fourth column). These 
determining processes are altered by agricultural management (third 
columns). 
 
        
 
Ecosystem 
Structure 
Determining Processes 
Alteration by 
Agricultural 
Management 
Continuum 
component 
 
Sunlight, Soil 
formation, 
Temperature 
Photosynthesis 
Nutrient additions, 
Reduction of 
Vegetation cover 
Source 
 
Plant matter deposition 
 
SOM mineralization 
 
Plant nutrient uptake 
 
Soil aggregate formation 
 
Rainfall, 
Topography, Soil 
texture, Soil type, 
Porosity, 
Vegetation cover, 
Temperature 
Nutrient association with soil particles 
Reduction of 
vegetation cover, 
Alteration of soil 
structure and stability 
Mobilization, 
Transport & 
Delivery 
 
Nutrient solubilization in soil water 
 
Plant rainfall interception 
 
Plant moisture uptake 
 
Soil rainfall infiltration 
 
Solubilization/ detachment 
 
Sub-surface flow-/ surface runoff 
 
Redeposition 
 
Remobilization 
 
Water, 
Hydrological 
dynamics, Light 
penetration, 
Temperature 
Sediment deposition 
Increased input of 
sediment and nutrient 
inputs 
Impact 
 
Solubilization/ desorption 
 
Nutrient uptake by aquatic plants 
 
Aquatic primary production 
 
Oxygen depletion 
 
Direct  and indirect impacts on biota 
 
Altered ecological interactions 
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Table 2.2. Determining processes (first column) affect ecosystem services 
and their interactions. The size and position of the ecosystem service 
boxes depend on the processes that they are determined by, all 
processes that are parallel to the ecosystem service box are determining 
the provisioning of that ecosystem service. 
  
Determining Processes 
Ecosystem services included in agricultural diffuse 
pollution 
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   SOM mineralization 
  
 
   Plant nutrient uptake 
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   Nutrient association with soil particles 
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 Plant moisture uptake 
     
  Soil rainfall infiltration 
     
  Solubilization/ detachment 
 
    
 
 
Sub-surface flow/ surface runoff 
     
  Redeposition 
  
 
  
  Remobilization 
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 Nutrient uptake by aquatic plants 
   
 
  Aquatic primary production 
   
  
Oxygen depletion 
   
  Direct and indirect impacts on biota 
   
 
 
 Altered ecological interactions 
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III. Approaches to mitigate soil degradation and agricultural 
diffuse pollution  
 
The EU Common Agricultural Policy (CAP) and the EU Water Framework 
Directive (WFD) (2000/60/EC) provide the overall framework for regulating, 
defining and mitigating agricultural diffuse pollution. These overarching 
regulations contain several sub-regulations, such as the Nitrates Directive 
(91/787/EEC). Currently, the EU Soil Thematic Strategy (COM (2006)231) sets 
the thematic framework for soil protection and what kind of measures must be 
taken. A Soil Framework Directive had been debated in the EU, but never came 
into action (EC, 2014a). Therefore, soil protection measures are included in 
other regulations that are targeting water quality or general agricultural 
management (Creamer et al., 2010). These EU regulations lay out the 
overarching aims and timeframes in which targets should be met, but each EU 
member state decides on the ways in which these regulations are implemented 
and how their effectiveness is monitored. Similar regulations are in place 
elsewhere, for example the Clean Water Act in the USA (EPA, 2014). 
     The CAP is currently under reform (EU, 2013), but decisions on how 
individual member states are implementing the reform have not been released, 
yet (due in January 2015). Therefore, the mitigation efforts in the UK up until 
now are reviewed in the next section.  
 
A. Mitigation efforts in the UK 
 
 A catalogue of mitigation measures to reduce diffuse pollution from agriculture 
has been compiled and reviewed in the UK, most of which are included in 
regulations (Newell-Price et al., 2011). 
     Mitigation measures to reduce soil degradation and diffuse pollution in the 
UK, as part of EU policies, are implemented by a mixture of different methods. 
These methods include command and control measures, which are regulations 
that farmers have to comply with, and incentive-based regulation as well as 
locally targeted incentive schemes, which aim to provide a financial incentive to 
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farmers to change their behaviour towards more environmentally beneficial 
management. Farmers can receive payments / subsidies for voluntarily joining 
schemes that promote beneficial agricultural management (Blackstock et al., 
2010) (Figure 2.4). 
    Nitrate Vulnerable Zones (NVZs) are command and control regulations and 
were designated in the UK under the EU Nitrates Directive (1991/7787/EEC, 
COM/91/676/EEC) (Figure 2.5a). These NVZs were designated in catchments 
which were identified to have high surface and groundwater N concentrations. 
Farms located in such NVZs have to comply with all regulatory demands set for 
NVZs (DEFRA, 2008). In total, 50 NVZs were designated in England, covering 
70 % of the UK land area and containing 69 % of the arable land and 57 % of 
the grasslands in the UK (Cardenas et al., 2011; Johnson & Lord, 2011). 
Elsewhere, for example in Ireland and Germany, the whole country has been 
designated as an NVZ (Figure 2.5b).  
     The Single Farm Payment (SFP) scheme is a major subsidy scheme in the 
EU, as part of the EU CAP. Farmers who are receiving single farm payments 
have to comply with certain regulatory requirements (Cross Compliance: 
(DEFRA, 2006; 2007a; 2007b; 2007c), such as maintaining land in ‘good 
agricultural and environmental condition’ (GAEC) and statutory management 
requirements (DEFRA, 2007c; 2009; 2010; 2006). The same scheme exists all 
across the EU member states, for example in Ireland (DAFM, 2014a) and in 
Germany (BMEL, 2014). 
     Environmental stewardship schemes are also part of the EU CAP. The 
schemes aim to encourage farmers to deliver environmental management that 
goes beyond the requirements under the Single Farm Payment scheme. 
Participating farmers can choose between a range of options, some of which 
target soil and water quality improvements (DEFRA, 2005a), but also include 
other aims, such as protecting and enhancing biodiversity. Agri-environmental 
schemes were until now divided into Entry Level Stewardship (ELS), containing 
a catalogue of management options which can be chosen (Natural England, 
2008) and a Higher Level Stewardship scheme (HLS), which has more specific 
management prescriptions decided on a case-by-case basis. Similar schemes 
have been established in other EU member states, such as the Rural 
Environment Protection Scheme in Ireland (REPS) (DAFM, 2014b) and “agri-
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environment and nature conservation programs” in each federal state in 
Germany (BfN, 2009). 
     The ‘Catchment Sensitive Farming Initiative’ (Natural England, 2014) or local 
river improvement projects are examples of locally targeted incentive schemes. 
Priority catchments are identified for such schemes, and one-to-one advice is 
provided to individual farms to implement specific mitigation measures and 
funding is often available. 
      
 
Figure 2.4. Mechanisms of policy delivery for mitigation measures to reduce 
agricultural diffuse pollution and soil degradation in the UK (after McGonigle et 
al., 2012). 
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a) b) 
  
 
 
Figure 2.5. Areas designated as Nitrate Vulnerable Zones (NVZ) in a) England 
and b) in the EU member states. Sources: a) (DEFRA, 2013) b) (EC, 2014b). 
      
 
The specific management demands (SFP, NVZ) or options given (ELS) in  
existing regulations can be grouped into three major thematic groups. 
      a) Regulations aim to reduce nutrient inputs into agricultural land and 
thereby reduce the nutrient surpluses in the soil and potential pollutant sources. 
Input reductions are targeted by setting standards on maximum nutrient usage 
(NVZ), reducing the time when nutrients / fertilizers / manures can be applied 
(closed periods, NVZ) and demanding / encouraging the development of 
nutrient management plans wherein the farmer is required to calculate the exact 
amount of nutrients that need to be spread, taking into account crop nutrient 
requirements, soil available nutrients, nutrients comprised in manure and 
fertilizers (NVZ, ELS, SFP). Additionally, no fertilizer / manure is allowed to be 
spread in proximity to surface waters, ditches, hedges or on buffer strips (NVZ, 
SFP, ELS).  
     b) Regulations specify certain times / conditions and locations where farming 
operations / applications should be avoided to reduce the impact of operations 
on soil conditions so that infiltration is enhanced and the generation of surface 
NVZ areas 
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runoff minimized. Driving heavy vehicles is discouraged / banned under certain 
soil and weather conditions, such as when the soil is moist, waterlogged, 
poached, frozen, snow covered or compacted and when rainfall is due in the 
days following operations and applications (ELS, SFP). Closed periods (NVZ) 
are set in the winter season, where most of the above described conditions 
coincide. Furthermore, ploughing or spreading is discouraged in areas identified 
as high risk, such as steep slopes (SFP, ELS).  
     c) Regulations encourage / demand the maintenance and establishment of 
vegetation cover. This comprises a range of management practices. Choosing 
crops with high vegetation cover and which do not leave soil bare over winter is 
advised (ELS, SFP). However, if rotation leaves soil bare over winter, planting 
cover crops is encouraged (ELS, SFP). Furthermore, undersowing crops with 
vegetation cover (for example maize) is advised. Converting agricultural and or 
leys to grassland, specifically to permanent grassland, is recommended (ELS). 
In addition to this, increasing vegetation at field bottoms or in proximity to 
surface waters in form of vegetative buffer strips, as wide as possible / feasible, 
and allowing vegetation cover to build up is promoted by regulations (ELS, 
SFP). Regulatory demands or recommendations are not always solely targeting 
soil and water protection, but also a range of other important environmental 
aspects, such as greenhouse gas emissions and biodiversity.  
     Future reforms of the EU CAP are going to further emphasize the 
importance of vegetation cover by including ‘greening rules’ in the new single 
farm payment schemes (Basic Payment Scheme [BPS]). Greening rules include 
the encouragement for reinstating permanent grasslands and keeping a set 
percentage of arable land as ecological focus areas (EFA), which include 
measures to increase vegetation cover, such as buffer strips, hedges, fallow 
land, catch crops and cover crops (DEFRA, 2014). Also, a new guideline on 
soils will be included in the standards of good agricultural and environmental 
condition (GAECs) under cross compliance (DEFRA, 2014).  
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B. Water quality standards: Which surface waters are impaired and 
need mitigation measures? 
 
     The water framework directive provides a holistic framework for defining and 
classifying water quality. Its aim was for all surface waters  to reach ‘good 
ecological status’ in the EU by 2015 with a possible extension for another 12 
years (Kallis & Butler, 2001; Hering et al., 2010). ‘Good ecological status’ is 
defined in terms of biological, chemical and physical quality (Kallis & Butler, 
2001). The categories for classification of watercourses that have not been 
heavily modified are bad, poor, moderate, good and high ecological status. The 
status of a watercourse is decided by a one-out-all-out principle, a watercourse 
is classified as its lowest classed element (Hering et al., 2010). The elements 
monitored for ecological status are macroinvertebrates, macrophytes, diatoms 
and fish. Properties monitored for chemical status include NO3
-, NO2
-, NH4
+, 
suspended solids, P, pH and dissolved oxygen, but also include chemicals 
classed as priority substances and dangerous substances. Hydromorphological 
elements include, for example, river depth, structure and substrate of the river 
bed and the structure of the riparian zone (TAG, 2008).  
     The WFD takes a catchment approach (Hering et al., 2010). Water quality in 
each catchment is classified (Figure 2.6, 2.7) and catchment management 
plans are developed to improve the water quality status of the entire catchment, 
thereby including all stakeholders within catchments, such as farmers and land-
owners, industry and local communities (Kallis & Butler, 2001; Hering et al., 
2010).  
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Figure 2.6. Ecological status classification of surface waters (excluding heavily 
modified water bodies) in the UK under the WFD classification system, divided 
by river basin district. Source: (EC, 2012b). 
 
 
 
Ecological status classification of surface waters in the South West River 
Basin District. Here, 33 % of surface waters meet good ecological status. 
Source: (EA, 2009). 
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IV. Have these mitigation measures been effective? 
 
The overall effectiveness of the above mitigation measures has not (yet) 
become evident (ADAS, 2011; Johnson & Lord, 2011; van Grinsven et al., 
2012; Kay et al., 2009). In 2012, more than half of all European water courses 
(EEA, 2012) and two thirds of all surface waters in the UK (McGonigle et al., 
2012) did not meet good ecological status. Nitrate concentrations have only 
moderately decreased in Europe (van Grinsven et al., 2012) and have even 
continued to increase in many rivers in the UK by 0.02 mg L-1 year-1 (Worall et 
al., 2009; Burt et al., 2011). Additionally, the overall impact of the NVZ 
mitigation measures in the UK was found to be small. Only 29 % of the NVZ 
areas showed a reduction of NO3
- concentrations, but 31 % showed a 
worsening in comparison to control catchments and 69 % showed no significant 
improvement at all, 12 - 15 years after the first designation of NVZs (Worall et 
al., 2009). Water quality has not significantly improved, despite significant 
decreases in soil N and P surpluses (van Grinsven et al., 2012). In the UK, the 
soil N surplus has decreased mostly in the grassland sector (Johnson & Lord, 
2011), but the P surplus has decreased more in the arable sector and is now 
approaching 0, whilst the P surplus in grassland systems is still significant 
(Johnson & Lord, 2011).  
     Interestingly, individual mitigation measures have been shown to be very 
effective at controlling diffuse pollution at smaller scales (reduced nutrient inputs 
(Lord, 2007), for example buffer strips (Zhang, 2010), conversion from arable 
land use to grassland (Fullen, 2006; Hodkinson, 2007), use of cover crops 
(Strock, 2004), minimal tillage and contour cultivation (Stevens et al., 2009). 
However, those small-scale improvements do not necessarily upscale to larger 
catchment-scale, national-scale or EU-wide studies (Verstraeten et al., 2006; 
Worall et al., 2009; van Grinsven et al., 2012). Therefore, it seems very unlikely 
that the goals of the WFD will be met by 2015 (Hering et al., 2010).
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V. Overview of the issues that are limiting the problem-
solving capacity of water quality science 
 
There may be several explanations for why mitigation measures do not seem 
effective in reducing diffuse pollution. This section identifies some of the issues 
that are limiting the problem-solving capacity of water quality science and 
discusses how these issues could be addressed in scientific research. Once 
these issues are addressed, an improved scientific evidence base may be 
formed, which may eventually lead to effective policy making and mitigation of 
soil degradation and agricultural diffuse pollution. Figure 2.8 summarizes the 
identified issues on the feedback arrow within the conceptual framework of the 
problem-solving machinery that was developed to structure this literature 
review. Effectiveness may not be detected, because of the ways in which water 
quality is monitored, which aspects of water quality are monitored and at what 
spatial and temporal scales experiments are designed. There are also several 
knowledge gaps, which may have led to wrong decision-making on choosing 
mitigation measures. These issues are reviewed in the following section. 
Following each discussion of individual issues, short paragraphs in italic explain 
how these issues were incorporated into the research in this thesis.  
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Figure 2.8. The issues that are identified and discussed in this literature review, 
which should feed back into scientific research to form a new, improved 
scientific evidence base. 
 
A. Time lags between management and responses / The interplay 
of current and past management 
 
The effects of mitigation management may not yet be evident, because there 
are time lags between implementing beneficial management and its effects. 
Time lags are estimated to act over months up to years, decades and even 
centuries (Stalnacke et al., 2003; Carstensen et al., 2006; Burt et al., 2011; Wall 
et al., 2012; Buckley & Carney, 2013; Sharpley et al., 2013; Wang et al., 2013; 
Burt et al., 2014). Soil nutrient reserves and water quality today may reflect past 
management, meaning that we may have not yet experienced peak pollutant 
concentrations, as found in areas of the Eden catchment, UK, and that 
mitigation measures may prove to be effective only over the next decades 
(Wang et al., 2013).  
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     It takes time to reduce nutrient reserves that have accumulated over 50 
years of intensive management. Organic matter turnover times in south-western 
France have been estimated to take ca. 36 years (Balesdent et al., 1987). Soil 
fertility rates persisted up to 80 years after intensively managed land had been 
abandoned (Horrocks et al., 2014). Reductions in N and P surpluses have 
already been seen in Europe (van Grinsven et al., 2012) and the UK (Johnson 
& Lord, 2011). However, short-term management can exacerbate the severity of 
the influence of past management. For example, if fields with high legacy 
nutrient contents are ploughed shortly before heavy rainfall, nutrient losses can 
be exacerbated. 
     Pollutant reductions in surface waters may lag behind changes to soil stores 
because of accumulated sediment in-channel, with associated nutrients being 
recycled within fluvial systems, recycling dissolved nutrients in aquifers, and the 
time it takes to flush out the accumulated sediment (Stalnacke et al., 2003; 
Carstensen et al., 2006; Hamilton, 2012). Furthermore, once pollutant 
concentrations are reduced in surface waters, it still takes considerable time 
(estimated to be between 10 - 20 years) for the biology and ecology of the 
system to return to equilibrium (Jepperson, 2005; Hering et al., 2010).  
     Such long response times imply that any soil or water condition monitored 
today has to be interpreted with respect to both short-term management as well 
as long-term management. Long-term management records, however, are often 
not available. Additionally, long-term monitoring campaigns are required to 
evaluate the effects of mitigation measures (Wall et al., 2011). There is a 
temporal mismatch between the time it takes for scientific research to reliably 
identify the most effective mitigation measures and the time when regulations 
need to be implemented (Schroeder, 2004). Finally, expectations for 
compliance with the water framework directive have to be adjusted; even the 
next target of meeting good ecological status in 2027 is not likely to be met 
(Hering et al., 2010). 
 
This thesis studied the effects of management practices on soil and water 
quality. Current and past management records were consulted when 
interpreting results. 
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B. Some land uses are studied less than others: intensively 
managed grasslands are relatively poorly understood 
 
     Some agricultural land uses are less studied, and therefore less well 
understood than others, for example intensively managed temperate 
grasslands. Temperate grasslands are generally managed for dairy and meat 
production  and cover 40 % of the agricultural land in western Europe and the 
United States and more than half (65 %) of the agricultural land in the UK 
(Bilotta et al., 2007a; Bilotta et al., 2008). Grasslands have previously been 
assumed to contribute little to total agricultural diffuse pollution in comparison to 
their arable counterparts (Evans, 2005; Brazier et al., 2007). However, this 
assumption has been challenged by several recent studies demonstrating 
significant sediment and macronutrient losses from grasslands with pollutant 
concentrations exceeding EU water quality guidelines and with pollution rates 
comparable to those reported for arable sites (Preedy et al., 2001; Bilotta et al., 
2008; Bilotta et al., 2010; Granger et al., 2010; Sandford et al., 2013; Thompson 
et al., 2014). The diffuse pollution from grasslands is also underestimated in EU 
regulations. Such misunderstandings of management practices leads to 
incorrect agricultural decision-making, such as policies encouraging conversion 
from cultivated land to grassland (Agri-environmental Schemes, NVZs (Lord, 
2007)), which may eventually reduce the effectiveness of mitigation measures. 
     The impacts of grassland management on diffuse pollution were 
underestimated for several reasons. a) The vegetation cover in grasslands is 
not as uniform and dense as previously assumed (Bilotta et al., 2007b). 
Livestock grazing, trampling, poaching and pugging reduce vegetation cover 
and destroy soil structure (Bilotta et al., 2007a; Cournane, 2011). Vegetation 
cover is also often temporarily removed, as ploughing and reseeding is part of a 
normal rotation cycle in grassland systems (Butler & Haygarth, 2007). 
Additionally, grasslands are often located on steeply sloping land and heavy, 
often waterlogged soils, which exacerbate surface runoff down-slope despite 
the vegetation cover (Bilotta et al., 2007b; Bilotta et al., 2008).  
     b) Grassland soils accumulate large amounts of organic matter and nutrients 
at the soil surface, the layer that interacts mostly with runoff (Schärer et al., 
2007). Nutrients added to grasslands by fertilizer and manure additions, but 
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also by direct excretion by grazing animals, are not frequently mixed into the 
soil profile. Such surface accumulation increases the available nutrient pool for 
mobilization to surface waters, even once nutrient additions are reduced, due to 
the legacy of past management (Sharpley et al., 2013; Haygarth et al., 2014). 
Organic material was originally not included in the definition of soil erosion and 
was removed during conventional laboratory analysis by drying sediment 
particles at too high temperatures (Bilotta et al., 2007b). Total erosion may be 
underestimated by up to 34 % in grasslands if organic matter is not included 
(Bilotta et al., 2008; Bilotta et al., 2010).  
     c) Fine sediment material (both organic and mineral) is preferentially 
transported in grasslands, which was not included in the original definition of 
suspended sediment and was, therefore, not included in erosion monitoring 
(Bilotta et al., 2007b). Sediment particles were typically defined by researchers 
as anything larger than 0.45 µm, detected by filtering, and anything below that 
size was defined as solutes (Bilotta et al., 2007b). Fine soil material, colloids, 
comprise particularly fine soil particles, occurring in animal faeces, organic 
matter and fertilizers (1 nm - 1 µm) (Bilotta et al., 2007b). These have large 
surface areas and surface charges which lead to high sorption capacity for 
nutrients. Therefore it is important that they are understood and monitored as 
an important part of particulate loss from landscapes.  
 
     The diffuse pollution losses from grasslands need to be evaluated and 
compared to other land uses, so that grassland management effects can be 
better acknowledged in management guidelines for future compliance with 
water quality standards. The global demand for meat production is expected to 
rise rapidly as per capita income increases in developing countries and 
grasslands are, therefore, to become an even more important land use in the 
future (Bennett & Balvanera, 2007).  
 
The research conducted for this PhD thesis focused on intensively managed 
temperate grasslands. 
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C. Poor linking of all aspects of the soil to water continuum 
 
Improvements in soil quality (reduction in excess soil nutrients) and 
improvements in water quality (reductions of nutrient concentrations) are often 
evaluated separately, even though both operate on a continuum from soil to 
water (Haygarth et al., 2005). The relationships between soil conditions, site 
characteristics such as topography and resultant water quality have to be 
quantified to evaluate the effectiveness of mitigation measures and understand 
the mechanisms by which they affect water quality (Wall et al., 2011). For 
example, Johnson & Lord (2011) found a reduction in soil nutrient surpluses in 
grasslands, but no overall reduction in surface water nutrient concentrations, 
showing that potential nutrient sources may have reduced, but their mobilization 
rates need further mitigation efforts.  
     The links between soil content and delivery to surface waters is more 
researched and better understood for P, than for N and C. All relationships 
between soil nutrient and water nutrient content are complex and obscured by 
the influence of many other factors, such as topography, hydrological 
connectivity and of course land management. Soil P is generally only viewed as 
an indicator of potential P source and has to be considered in combination with 
other influences (Heckrath et al., 1995; Jordan et al., 2000; Quinton et al., 2003; 
Djodjic et al., 2004). Rates of N mobilization and delivery to surface waters are 
generally only linked with fertilizer inputs or the balance between N inputs and N 
uptake by crops rather than with total soil N content. Such studies show poor 
correlations (Stalnacke et al., 2003; Siegling & Kage, 2006; Buczko & 
Kuchenbuch, 2010). Total soil N content, including organic and inorganic soil N 
in addition to agricultural inputs, should be included in such studies. In terms of 
carbon, negative relationships have been established when comparing natural 
landscapes with high soil C contents and low C losses and agricultural soils low 
in C with high C losses (Quinton et al., 2006; Glendell & Brazier, 2014; Glendell 
et al., 2014), but such studies have not been conducted between agricultural 
fields / catchments. Linking soil nutrient content and water nutrient content can 
also provide insight into the time it takes for mitigation measures to reduce 
legacy soil nutrients and for those reductions to take full effect on water 
courses.  
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     This PhD thesis used the nutrient / pollutant transfer continuum concept to 
evaluate the effects of grassland management, thereby linking the effects of 
management practices on both soil status and water quality in terms of the 
macronutrients P, N and C. 
 
D. Lack of baseline understanding 
 
Detecting an improvement to soil and water quality by mitigation management is 
often limited by poor understanding of the effects of the conventional 
management, to which post-mitigation data can be compared. Before any new 
management practice can be quantified, a baseline understanding or 
characterization of the ‘status quo’ of the conventional management in both soil 
properties and resulting water quality is therefore essential (McGrath & Zhang, 
2003; Tan & Lal, 2005; Breuer et al., 2006). Many water quality studies use 
paired catchment studies involving a baseline characterization, so that the 
effects of management change can be identified as relative change from the 
baseline period (Schilling et al., 2013). However, soil studies often compare soil 
properties between sites with different management histories without baseline 
characterization and rely on the fundamental assumption that the sites were 
similar in terms of soil properties prior to land-use change (Boerner et al., 1998; 
Breuer et al., 2006; Matlack, 2009). Wrong inferences may be made about 
management effects without analyzing management effects relative to baseline 
conditions. Additionally, monitoring before the change in management and long-
term monitoring afterwards should enable us to judge how long it takes for the 
new management to take effect and how long the legacy of past management 
lasts (Wall et al., 2011).  
 
 
     This thesis first characterized soil status and the rates of diffuse pollution in 
conventionally managed grasslands as a baseline. Then, the effects of altered 
management practices were compared back to the baseline, using both a 
before-after and a controlled-perturbed experimental design. 
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E. Issues of spatial scale 
 
Small-scale (plot-scale, field-scale) experiments have demonstrated the 
effectiveness of mitigation measures, but those effective reductions could not 
be detected in larger-scale studies (catchment or national-scale studies). Such 
discrepancies occur, because the scale of study determines the processes that 
are captured and therefore determine the value of information that the research 
can provide (Wall et al., 2012). Different processes are acting on different 
scales. For example, small-scale experiments capture processes such as 
nutrient uptake by individual plants, larger plot / hillslope / field-scale studies 
capture more processes including nutrient cycling, mobilization / transport and 
potential re-deposition of pollutants, while catchment-scale studies capture the 
mixture of numerous pollutant sources and land uses as well as additional 
processes such as the cycling of pollutants within and delivery of pollutants to 
surface waters. Therefore, smaller-scale studies on mitigation measures 
capture the isolated effectiveness of individual mitigation measures, but this 
effectiveness does not translate to reduced pollutant concentrations / loads / 
yields at larger scales for several reasons. a) Other pollutant sources or 
pollutant transport mechanisms within the catchment may have obscured the 
mitigation management that was effective in isolation (Wall et al., 2012). For 
example, small-scale buffer strip studies demonstrate the effectiveness of buffer 
strips in reducing diffuse pollution, but buffer strips are not as effective at the 
catchment-scale, because runoff is channelled by roads to surface waters and 
thereby by-passed buffer strips (Verstraeten et al., 2006). b) Pollutant delivery 
may have been reduced, but processes such as the recycling of legacy 
sediment and nutrient reserves within streams or aquifers were responsible for 
maintaining high pollutant concentrations. Therefore, smaller-scale experiments 
reduce the complexity of the wider landscape, and processes cannot be up-
scaled in a linear fashion (Harris & Heathwaite, 2012). 
     While lab- to plot-scale studies have provided much of the essential 
mechanistic understanding, larger-scale understanding is now required to solve 
the issue of agricultural diffuse pollution (McGonigle et al., 2012). Such larger-
scale research is more policy-relevant, but challenges scientific methodologies 
and the capacity to provide clear results (Haygarth et al., 2005a; Doody et al., 
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2012; Wall et al., 2012). While large-scale studies show the effects of realistic 
agricultural management nested within the realistic set of multiple pollutant 
sources, they cannot be replicated (every field / catchment is influenced by a 
unique set of factors), and such inherent variation limits the use of conventional 
statistical tests, reduces statistical power and increases uncertainty (Harris & 
Heathwaite, 2012). In contrast, small-scale experiments allow the precise 
control of conditions, which often do not reflect either natural conditions (natural 
rainfall; Dunkerley et al., 2008) or realistic management, but therefore comply 
with the requirements for conventional statistics and inferences can be made 
with high certainty.  
     It could be argued that the catchment scale is the policy-relevant scale under 
the WFD. However, any effort towards reducing pollution is generally targeted 
towards individual pollutant sources within catchments, because they are 
managed separately by different stakeholders (for example farmers, land 
owners or rural industry) (Wall et al., 2012). Therefore, the scale of 
management decisions and policy implementation is not the catchment scale, 
but in the case of agricultural diffuse pollution, it is the farm scale. Herein, field-
to farm-scale research is suggested as a logical scale to guide agricultural 
diffuse pollution research. The farm-scale is the scale of agricultural decision 
making but individual fields are generally treated as individual management 
units (Wall et al., 2012). Additionally, working farms are managed under realistic 
farm management practices, generally in line with local farming practices, while 
short-term and long-term management are often known by the farmer (Wall et 
al., 2012). Field to farm-scale research within a catchment may provide insight 
into a) the likely contribution a single type of agricultural land use has on overall 
water pollution and therefore improve pollution source apportionment within 
catchments, b) the isolated effects of individual soil and nutrient (mitigation) 
management practices (Melland et al., 2012). If such field- to farm-scale 
experiments are nested within catchment studies, the isolated effects of 
mitigation measures can then be seen in context with the multiple processes 
that occur in catchments. Wall et al. (2012) demonstrated the usefulness of 
such nested field- to farm- to catchment studies. The usefulness of farm-scale 
experiments has been reviewed before (Garcia et al., 2008; Pilgrim et al., 
2010), and evaluation of mitigation measures is often conducted at the farm-
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scale in Ireland (Wall et al., 2012), but there are few comprehensive field to 
farm-scale monitoring experiments underway, especially in intensively managed 
grasslands. 
  
     The research for this PhD thesis was conducted at the field- to farm-scale, 
on an experimental grassland farm under management that is representative of 
the wider area of intensively-farmed grasslands in the UK.  
 
F. Soil spatial variation 
 
The effects of management practices on soil quality or the effectiveness of 
mitigation management may not be reliably detected by simply taking soil 
samples and averaging their values for a site of interest. Changes in soil 
properties following management change may not be detectable by comparing 
overall means. It is not just the average soil condition in a field that may change 
due to management, but also the spatial distribution of soil properties. 
Averaging does not account for the specific locations where the deviations from 
the mean occur or the distances over which soil properties vary (Glendell et al., 
2014). Spatial variation exists in agricultural landscapes (Mariott et al., 1997; 
McCormick et al., 2009), despite the homogenization effect of agricultural 
management via uniform fertilizer applications, uniform vegetation cover and 
uniform soil physical management (Robertson et al., 1993; Chiba et al., 2010; 
Glendell et al., 2014). Therefore, any soil sampling should quantify spatial 
variation and map the distribution of soil properties (Goovaerts, 1998; 1999). 
Alterations in the distribution of soil properties or changes in certain areas of 
fields can then be reliably identified as actual changes, which may not have 
been detected by conventional soil sampling methods. 
     Geostatistical analysis is a useful tool to quantify spatial variation and 
visualize the distribution of soil properties (Oliver et al., 1989a; 1991; 
Goovaerts, 1999; Oliver & Webster, 2014). The spatial location of samples is 
incorporated into analysis by first calculating the distances between sampling 
points and then calculating the squared differences between sampling points 
that are separated by certain distances. An experimental variogram is then 
plotted that shows the variance between sampled points as a function of 
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separation distance. Variogram models are then fitted to the experimental 
variograms, describing the continuous function and ignoring point-to-point 
fluctuations (Oliver & Webster, 2014). These variogram models can then be 
used to visualize the distribution of soil properties across the site of interest, by 
predicting values at unsampled locations using a  method called kriging  (Oliver 
& Webster, 1990). 
     Additional benefits can be gained from accounting for spatial variability, such 
as optimizing sampling designs, understanding underlying soil processes and 
optimizing land management. Characterizing the distances over which 
properties vary can provide insight into optimal sampling distances to 
sufficiently capture the existing variation, whilst keeping sampling effort and 
costs to a minimum (Oliver & Webster, 1991). Comparing the patterns of spatial 
variability between different soil properties may provide insight into underlying 
processes. The patterns or scales of spatial variability may differ between 
different soil properties, because the processes that cause the variability may 
occur at different scales (Goovaerts, 1998).  Maps that visualize the distribution 
of soil properties can be utilized for decision making. The spatial distribution of 
soil properties can be used in precision farming to inform site specific 
management (Stafford, 2000).  For example, areas of soil nutrient surpluses 
can be identified and avoided when spreading fertilizers, thereby reducing over-
fertilization, fertilizer costs and potentially environmental impacts (Stafford, 
2000). 
 
     This thesis used a geostatistical sampling strategy to quantify the distribution 
of soil properties. 
 
G. Issues of temporal scale 
 
The degree of diffuse pollution reductions that can be detected depends on the 
temporal resolution of the available data. a) The effectiveness of mitigation 
measures may not be evident, because the data resolution used by regulatory 
bodies is low, and varies highly between EU member states (Wall et al., 2011; 
Kay et al., 2012; van Grinsven et al., 2012).  Generally, studies that employed 
high temporal resolution monitoring have a higher capacity to detect diffuse 
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pollution reductions than those with low resolution monitoring (Wall et al., 2011; 
Kay et al., 2012; Mellander et al., 2012; van Grinsven et al., 2012; Wall et al., 
2012). Temporally intensive monitoring can detect fine-scale dynamics, which 
coarser monitoring would miss, for example the importance of non-storm P 
transfers (Jordan et al., 2012; Melland et al., 2012) or reductions of N 
concentrations in high winter flows (Kay et al., 2012). The recent development 
of near continuous, automatic monitoring equipment allows relatively low effort 
and low cost high-resolution monitoring, compared to manual sampling and lab 
analysis (Kirchner et al., 2004; Jordan et al., 2007). High-resolution monitoring 
also allows for more accurate and precise calculation of pollutant loads and 
yields (Cassidy & Jordan, 2011). 
     b) The effectiveness of mitigation measures may not be detected, because 
longer datasets and overall means of pollutant concentrations may be 
influenced by seasonal and inter-annual climatic variation rather than just 
mitigation management. Disentangling whether changes in surface water quality 
are driven by mitigation measures or inter-annual variability is a major 
challenge, which can only be tackled once long-term datasets exist (Burt et al., 
2014). 
      c) External, unrelated influences, such as altered rainfall patterns due to 
climate change, may alter the relationships between agricultural management 
and diffuse pollution. For example, lower frequency but higher intensity rainfalls 
have already been noted to occur and have been predicted to become more 
likely in the future (Hering et al., 2010; Jordan et al., 2012). 
     Therefore, long-term and high resolution monitoring is required. Long-term 
studies can evaluate response times and disentangle the effects of 
management and climatic variability, whilst high temporal resolution monitoring 
can provide mechanistic understanding. Datasets with high temporal resolution 
are also important when classifying rivers. Regulatory monitoring is mostly 
conducted at low temporal resolution, which may lead to incorrect classification 
of surface waters as well as potentially identifying wrong reasons for failure, 
which may then subsequently lead to the implementation of inappropriate 
mitigation measures (Kay et al., 2012). 
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      Analyzing datasets with high temporal resolution is challenging. High-
resolution datasets capture fine-scale variability and have therefore lower 
statistical power (Harris & Heathwaite, 2012). Traditional methods would have 
averaged or normalized the data to reduce ‘noise’, which now has to be 
considered as important fine-scale processes rather than removed (Harris & 
Heathwaite, 2012). Additionally, correlations are obscured by delays between 
one driving factor and another responding property (e.g. flow and sediment 
hysteresis), which may not be detected with lower resolution monitoring (Harris 
& Heathwaite, 2012). 
     The monitoring conducted for this thesis took a high-resolution approach of 
sampling continuously up to every 15 minutes throughout 2 years. 
 
H. Total diffuse pollution is rarely monitored 
 
Multiple pollutants are rarely studied together, nor are all fractions of nutrients 
considered in the same study; causing issues in detecting the effectiveness of 
mitigation measures on each pollutant.  
 
     Mostly inorganic, dissolved fractions of nutrients are measured as they are / 
were considered as the bio-available forms. Not accounting for all fractions of 
nutrients causes several issues. a) The total nutrient input is underestimated 
and therefore the likely impact is underestimated. Recent studies have shown 
that both inorganic and organic, particulate and dissolved forms of N and P can 
become bioavailable.  Organic N can become bioavailable by assimilation by 
bacteria (See et al., 2006) and organic P by hydrolysis (Darch et al., 2013), 
particulate N and P by desorption. b) Mitigation measures may be considered 
as effective when they reduce the delivery of dissolved inorganic nutrients to 
surface waters, whilst it is not actually quantified whether particulate or organic 
forms of the same pollutant have been reduced as well. Therefore, mitigation 
measures may be wrongly identified as being effective, but may actually cause 
undesired effects. c) While mitigation measures may have reduced the delivery 
of dissolved inorganic nutrients, this reduction may not be detectable further 
down-stream, because legacy organic nutrients or particulate forms of nutrients 
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may have been recycled. The water quality classification under the WFD and 
the Nitrates Directive has been criticized, because only inorganic forms of N 
and P are considered. Water quality guidelines in the USA for example are set 
for total N and total P (USEPA, 2000). 
     Multiple pollutants are rarely studied together. Mitigation measures are often 
introduced to reduce the delivery of individual pollutants to surface waters rather 
than the whole suit of pollutants and their effectiveness is generally assessed 
only on the pollutant of interest. However, ‘pollution swapping’ can occur, when 
a mitigation measure that was introduced for one pollutant actually increases 
the delivery of another pollutant (Stevens, 2009; Stevens & Quinton, 2009). For 
example, vegetative buffer strips are often introduced to reduce soil erosion, but 
have been demonstrated to increases losses of dissolved organic carbon and 
potentially recycle particulate nutrients within and release them at a later date 
(Stevens & Quinton, 2009; Roberts et al., 2011). Additionally, compiling 
understanding on multiple pollutants from studies that investigated individual 
pollutants is highly limited, because of slightly different experimental designs, 
soil types, land management or rainfall patterns. Therefore, the effect of 
mitigation measures on the mixture of all pollutants needs to be understood. 
  
This thesis took a multi-pollutant approach to assess the effects of grassland 
management practices on overall diffuse pollution. 
 
I. Lack of ecologically relevant data  
 
     Water quality research is often only concerned with the continuum from soils 
to the delivery of pollutants to surface waters, and is often not linked with the 
ecological effects that those pollutant concentrations have in the water. 
Therefore, water quality research often does not present its data in ecologically 
relevant ways. Studying multiple pollutants together is one step in the right 
direction. It is widely acknowledged that it is not the availability of single 
nutrients, but the relative availability of multiple nutrients that are important both 
and it is recognized that biota respond differently to multiple stressors than to 
individual stressors (Harpole et al., 2011). The acknowledgement of the relative 
importance of nutrients has challenged the general consensus that freshwater 
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systems are always P limited (Elser et al., 2007; Conley et al., 2009) and 
marine systems are always N limited (Elser et al., 2007; Sylvan et al., 2007; 
Pearl, 2009). Aquatic organisms have different elemental requirements (Elser & 
Urabe, 1999) and the C:N:P ratios therefore have effects on growth rates and 
reproduction (Sardanas et al., 2012). For example, high availability of P in 
relation to C and N fits to the requirements of faster-growing biota, leading to 
higher abundances of fast-growing biota compared to slow-growing biota, which 
are adapted to utilize lower quality food resources (Elser et al., 2000).  
     Additionally, research often reports average concentrations over the 
monitoring period, but aquatic biota experience the rapidly changing relative 
concentrations of multiple stressors (Bilotta et al., 2010; Collins et al., 2011; 
Thompson et al., 2014). Therefore, the durations and frequencies of exposure 
should be reported. The timing of high and low concentrations relative to life 
stages is especially important (Bilotta et al., 2010; Collins et al., 2011). Blanket 
water quality guidelines fail to recognise such duration and timing of exposure 
relative to life stages (Bilotta et al., 2012). High resolution research combined 
with multi-pollutant research can provide important information for receptor 
response studies, so that realistic concentrations and exposure times can be 
studied (Thompson et al., 2014), and so that eventually more appropriate water 
quality standards can be set (Bilotta et al., 2010; Collins et al., 2011). 
 
      This research took a multi-pollutant approach. Sediment and the total 
nutrients carbon, nitrogen and phosphorus and their ratios were studied through 
flow conditions and time. 
 
J. Sociological aspects 
 
It has been suggested that NVZ measures in the UK may not be effective, 
because the regulatory demands may have not changed farmer behaviour (Kay 
et al., 2012). Farmers may have already managed their land within the 
restrictions of the NVZ regulations or did not comply due to the lack of rigorous 
policing (Kay et al., 2012).  Additionally, reductions in N inputs in the UK could 
generally be linked with price fluctuations in fertilizer costs rather than with the 
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designation of the NVZs (ADAS, 2011). Therefore, farmers’ decision making 
and current land management has to be understood in detail. 
     Farmer decision making is mostly driven by economics and farmer 
participation in incentive schemes are mostly driven by the provided level of 
financial compensation (Wilson & Hart, 2000; Wilson, 2001; Nimmo-Smith et al., 
2007). Incentive-based schemes can only be effective if they have high levels of 
participation. Therefore, incentive schemes have to be set up to provide 
attractive levels of compensatory payments and to do so, the cost-effectiveness 
of mitigation management needs to be studied. Bailey et al. (2007) and 
Cardenas et al. (2011) are examples of such cost-effectiveness studies. Cost-
effectiveness studies can be easily combined with diffuse pollution studies at 
the farm-scale, as this is the scale of decision making and the scale of socio-
economic drivers (deGroot et al., 2010). Results of such studies would be ideal 
tools to educate farmers. Farmers can relate to the scale of research and they 
may be encouraged by examples of how diffuse pollution can be reduced on 
single farms.  
 
     Based upon the issues reviewed herein, the following chapter outlines the 
aims and research questions of this study and details how they further the 
understanding of the effects of management practices on soil and water quality 
in intensively managed grasslands. 
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Chapter 3 
 
Thesis Structure, Aims and Specific Research Questions 
 
The overall aim of this thesis was to understand the effect of different grassland 
management practices on the soil to water transfer continuum. To address this 
aim, research was conducted on the newly established field- to farm-scale 
grassland experiment, the North Wyke Farm Platform in the south west of the 
UK, as a grassland case study. The North Wyke Farm Platform was established 
in 2010 as a grassland research platform managed as a realistic mixed beef 
and lamb production system (www.rothamsted.ac.uk/farmplatform). The Farm 
Platform is divided into three farmlets, on which the effects of different 
grassland management practices are contrasted. Each farmlet consists of five 
component fields, all of which are hydrologically isolated, so that water leaving 
the fields by sub-surface lateral or surface flow is channelled via French drains 
into flumes, where water quality and quantity is monitored with a range of 
automated or semi-automated monitoring equipment, monitoring continuously 
and at high temporal resolution (up to every 15 minutes) (Griffith et al., 2013; 
Murray et al., 2013). 
     The conceptual framework in figure 3.1 sets out the aims of this PhD 
research and how they were assessed. More specifically, this thesis first gained 
an understanding of the effects of conventional grassland management as a 
baseline, whilst the Farm Platform farmlets were all managed as conventional 
grasslands (Chapter 4, 5, and 6) (black arrow in figure 3.1). This period of 
baseline characterization was followed by a period of management intervention 
on the three farmlets; whereby one farmlet remained under conventional 
permanent grassland management as a control field, whilst the other two 
farmlets were ploughed and reseeded with different mixtures, a ryegrass-clover 
mixture and a new ryegrass variety (black arrow in figure 3.1). Chapters 7 and 8 
contrasted the effects of management change on soil and water quality with 
respect to the baseline and the control farmlet. The effects of those grassland 
management practices on the soil-to-water continuum (dark grey arrow in figure 
3.1) were quantified by measuring multiple grassland soil properties (bulk 
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density [BD], soil organic matter [SOM]), carbon [C], nitrogen [N] and 
phosphorus [P]) and monitoring hydrology and multiple agricultural diffuse 
pollutants (suspended sediment [SS], C, N and P) from grassland fields at high 
resolution. More specifically, the individual soil to water transfer continuum 
components (light grey boxes in figure 3.1) were addressed by specific research 
questions (white boxes in figure 3.1). The following paragraphs discuss the 
individual chapters of this thesis in more detail.  
 
 
      The spatial variation and the distribution of soil properties are poorly 
understood. Disregarding spatial variation increases uncertainty and therefore 
optimal sampling designs that capture spatial variation need to be identified 
prior to soil sampling campaigns. Additionally, management effects do not only 
alter mean soil properties but also their distribution. Chapter 4 ‘Understanding 
spatial variability of soil properties: a key step in establishing field- to farm-scale 
agro-ecosystem experiments’ explored spatial variation and the distribution of 
soil properties in one field on the Farm Platform as a preparation for work 
conducted in further chapters, using geostatistical approaches. Additionally, 
multiple soil physical and chemical soil parameters are included, all of which are 
important for processes occurring throughout the soil to water continuum. This 
paper was published in the journal Rapid Communications in Mass 
Spectronomy in 2012 (26, 2413-2421, DOI: 10.1002/rcm.6336). This paper 
addressed the following specific research questions: 
 Question 4.1 Does spatial variation exist in an example intensively 
managed grassland field? 
 Question 4.2 How should future soil sampling be conducted on Farm 
Platform fields? 
 Question 4.3 How are soil properties distributed across this field?  
 Question 4.4 What could be controlling the spatial variation?
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Grasslands have previously been understudied compared to other agricultural 
land use, multiple pollutants are rarely monitored together and the temporal 
resolution of measurements has been highly discontinuous. Chapter 5 
‘Intensive management in grassland causes diffuse water pollution’ was written 
to address all of the above points by monitoring multiple pollutants at high 
temporal resolution (up to every 15 minutes). Additionally, focusing on the 
surface water quality at the field- or farm-scale provides advantages over 
interpreting water quality at the outflow of larger catchments. This paper was 
published in the Journal of Environmental Quality in 2014 (43, 2009-2023, DOI: 
10.2134/jeq2014.04.0193). The specific research questions were: 
 Question 5.1 How do rates of sediment and macronutrient delivery from 
intensively managed grasslands compare to other agricultural land uses? 
 Question 5.2 What are the controlling factors on hydrology and how 
does hydrology affect fluxes and yields of sediment and macronutrients 
in intensively managed grasslands? 
 Question 5.3 How does the relative importance of diffuse pollutants from 
intensively managed grasslands change through flow conditions and 
time? 
 Question 5.4 How does water quality from intensively managed 
grasslands compare to EU and UK recommended water quality 
standards at the farm-scale? 
 
     Soil properties and water quality are often studied in isolation, even though 
they occur on the same soil to water continuum. Additionally, conventional 
management of a site has to be understood before the effects of management 
change can be reliably detected. Chapter 6 ‘Quantifying the field-scale variation 
of ecosystem structure and function within an intensively managed grassland’ 
established within and between-field differences in soil properties as well as 
between-field differences in water quality in three conventional intensively 
managed grassland fields with the same short-term management (< 6 years 
ago), but different long-term management (management records going back 30 
years). The overarching aim of this paper was to establish a robust baseline 
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understanding to which future work within this thesis and on the Farm Platform 
can be compared. The following specific research questions were addressed: 
 Question 6.1 Does within and between-field variation of soil properties 
exist in intensively managed grassland fields with the same short term 
management, but contrasting long-term management? 
 Question 6.2 Can between-field differences in water quality be explained 
by between-field differences in soil properties and between-field 
differences in site characteristics? 
 Question 6.3 Are those fields suitable for paired catchment  / control / 
treatment field comparisons? 
 
     The implementation of the management scenarios followed the baseline 
period, keeping one farmlet as a conventional grassland control and ploughing 
and reseeding the treatment farmlets with different mixtures. The 
implementation of most sustainable intensification measures on grasslands 
includes ploughing and reseeding with for example innovative varieties  of grass 
/ legumes. Detailed monitoring of the effects of ploughing is required, because 
ploughing and reseeding is known to degrade soil quality and increase the 
losses of diffuse pollutants, which may compromise the long-term effectiveness 
of such intensification measures. Chapters 7 and 8 therefore quantify the effects 
of ploughing on the Farm Platform grassland fields. Chapter 7 quantified ‘the 
effects of ploughing and reseeding grasslands on soil properties and spatial 
variation’. A novel aspect of this research was not only to quantify the effect of 
ploughing on soil properties in fields with different long-term management 
histories, but also on their spatial distribution. Additionally, post-ploughing 
effects can be more reliably identified because they can be seen in relation to 
the pre-characterized baseline soil properties and their distribution in earlier 
chapters. Chapter 7 addressed these specific questions: 
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 Question 7.1 Can fields subjected to no management change act as 
controls, or is annual scale (year-on-year) variability in soil characteristics 
significant? 
 Question 7.2 Does ploughing and reseeding impose a significant 
change on soil physical properties and soil nutrient contents? 
 Question 7.3 Does ploughing and reseeding affect spatial variability and 
the spatial distribution of soil properties, which in turn may affect herbage 
yield and therefore productivity? 
Chapter 8 ‘The effects of ploughing and reseeding grasslands on sediment and 
macronutrient delivery to surface waters’ monitored multiple diffuse pollutants at 
high temporal resolution after ploughing. The post-ploughing time series were 
compared with those time-series monitored during the baseline and in the 
control field. The following specific questions were addressed: 
 Question 8.1 Can changes be detected between baseline water quality 
from permanent grasslands the previous year and post-ploughing and 
reseeding water quality?  
 Question 8.2 How do pollutant losses after ploughing and reseeding 
compare to a permanent grassland control and the permanent grassland 
baseline period? 
 Question 8.3 Have controls on fluxes and yields of sediment and 
macronutrients changed with respect to the baseline and what may be 
controlling pollutant losses after ploughing and reseeding? 
 Question 8.4 How does the relative importance of diffuse pollutants from 
ploughed and reseeded intensively managed grassland change through 
flow conditions and time? 
 Question 8.5 How does water quality from ploughed and reseeded 
grassland fields compare to EU / UK recommended water quality 
standards? 
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     Each results chapter / paper is followed by short sections in italics, which 
connect the individual results chapters / papers. These sections identify 
questions that were raised by the results of the current chapter and lead the 
reader to the appropriate following chapters which addressed these questions. 
Additionally, these sections discuss how questions that were raised by previous 
chapters were answered in the current chapter / paper. To conclude this thesis, 
chapter 9 summarises the key findings and their implications and proposes 
areas of further research. 
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Chapter 4 
 
Understanding Spatial Variability of Soil Properties: a Key Step 
in Establishing Field to Farm-Scale Agro-Ecosystem 
Experiments 
 
This chapter was published as a stand-alone paper as: Peukert, S., Bol, R., 
Roberts, W., Macleod, C.J.A., Murray, P.J., Dixon, E.R., Brazier, R.E. 2012. 
Rapid Communications in Mass Spectronomy, 26, 2413-2421. 
 
I. Abstract 
 
RATIONALE. Spatial variability of soil properties is poorly understood, despite 
its importance in designing appropriate experimental sampling strategies. As 
preparation for a farm-scale agro-ecosystem services monitoring project, the 
North Wyke Farm Platform, there was a need to assess the spatial variability of 
key soil chemical and physical properties.  
METHODS. The field-scale spatial variability of soil chemical (total N, total C, 
soil organic matter), soil physical properties (bulk density and particle size 
distribution) and stable isotopes (δ13C and δ15N) was described using 
geostatistical approaches in an intensively managed grassland.  
RESULTS. The scales over which stable isotopes vary (ranges: 212 – 258 m) 
were larger than those of the total nutrients, soil organic matter and bulk density 
(ranges: 84 – 170 m). Two visually and statistically distinct areas of Great Field 
(north and south) were identified in terms of co-occurring high / low values of 
several soil properties. 
CONCLUSION. The resulting patterns of spatial variability suggest lower spatial 
variability of stable isotopes than that of total nutrients, soil organic matter and 
bulk density. Future sampling regimes should be conducted in a grid with < 85 
m distance between sampling locations to sufficiently capture spatial variability 
of the measured soil properties on the Farm Platform. Consultation of 
management histories of the sampled field revealed that it previously comprised 
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two fields with contrasting management histories, suggesting an effect of 
management legacy ( > 5 years) on the patterns of spatial variability. 
 
II. Introduction 
 
The spatial variability of soil properties is poorly understood (Bilotta et al., 
2007b). However, understanding spatial variability is very important prior to 
conducting any experimental sampling. Soil spatial variability is present over 
short distances not only in natural ecosystems, but also in agricultural systems 
with presumed uniform management and vegetation cover (Mariott et al., 1997; 
Goovaerts, 1998). Spatial variability of soil properties may be related to the 
combined action of physical, chemical and biological processes as well as 
anthropogenic land use patterns, which vary in space and time across the 
landscape (Goovaerts, 1998). The scales of spatial variation may differ between 
different soil properties, because the processes that cause variability may occur 
at different scales, e.g. from the single plant scale to larger topographical scales  
(Goovaerts, 1998).  
     Understanding the patterns and processes of soil spatial variability is key to 
land based experiments from the plot to the landscape scale. Disregarding 
spatial variability may negatively affect the reliability of results in monitoring 
experiments and increase scientific uncertainty (Goovaerts, 1998).  Therefore, 
exploring spatial variability and identifying appropriate sampling regimes that 
capture spatial variability sufficiently is required prior to planning and conducting 
experimental sampling (Webster et al., 2006). Geostatistical analysis is a useful 
tool to describe the scales of spatial variability of different soil properties and 
suggest optimal sampling distances that sufficiently capture spatial variability. 
     This study is a preparation for a long-term agro-ecosystem monitoring 
experiment in intensively managed grassland: North Wyke Farm Platform. The 
soil properties of interest here were stable isotopes (δ13C and δ15N) and a range 
of related soil chemical and physical properties that support the delivery of 
multiple ecosystem services. Spatial variability of δ13C and δ15N and their 
related soil chemical and physical properties has been described by several 
researchers across different scales, but not in intensively managed grasslands 
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(Bol et al., 2008). Spatial isotopic variability can be explained by the spatial 
variability of plant matter inputs, the spatial variability of plant matter 
decomposition and agricultural management (Table 4.1). 
Table 4.1. Factors affecting the spatial variability of stable isotopes (δ13C 
and δ15N). Spatial isotopic variability can be explained by the spatial 
variability of both plant matter inputs into the soil and plant matter 
decomposition (first column), which are affected by several factors (second 
column) and altered by agricultural management (third column).  
Causes of 
13
C and 
15
N spatial variability 
Factors affecting the causes of     
13
C and 
15
N spatial variability 
Alteration  by                
agricultural land use 
      
 
Spatial variability of 
plant matter input 
into the soil * 
Amount of plant matter input Reduction of plant residue 
Isotopic signature of plant tissue Alteration of crop cover/ 
fertiliser/manure application 
Past and present inputs 
Alteration of crop cover over 
time 
  
  
Spatial variability of 
plant matter 
decomposition 
Environmental factors: *
1
  
 Soil temperature 
Altered by tillage 
Soil moisture 
Topography (water movement 
altering soil moisture and nutrient 
distribution) 
Artificial drainage 
Soil structure: *
2
  
 
Clay content (protects organic 
matter from decomposition) 
 
Bulk density (high bulk density 
causes anaerobic conditions and 
slows decomposition) 
 Soil compaction 
 
  δ
13
C and δ
15
N 
spatial variability 
    
*    (Bernoux et al., 1998; Boutton et al., 1998; Webster et al., 2006; Bol et al., 2008). 
*
1
  (Sutherland et al., 1991; van Kessel et al., 1993; Amundson et al., 2003; Biswas et al., 
2008).,  
*
2   
(Tiessen & Stewart, 1982; Selles et al., 1986; Golchin et al., 1995). 
 
 
This study characterizes existing field-scale (6.7 ha) spatial isotopic variability in 
combination with a range of other chemical and physical soil surface (0 - 7.5 cm 
soil depth) properties in intensively managed temperate grassland. This study 
addressed the following specific research questions:  
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Question 4.1 Does spatial variation exist in the following soil variables in an 
example intensively managed grassland field: δ13C, δ15N, total N (TN), total C 
(TC), soil organic matter (SOM), bulk density (BD), soil particle size distribution 
(PSD)? 
Question 4.2 How should future soil sampling be conducted on the Farm 
Platform? 
Question 4.3 How are soil properties distributed across the field? 
Question 4.4 What is controlling spatial variation? 
 
 
III. Methods  
 
A. Study Site  
 
To characterize spatial variability, a series of soil chemical and soil physical 
properties were quantified on one field (Great Field) of the Rothamsted 
Research North Wyke Farm Platform, in south-west England (50.8 °N, 3.0 °W), 
Figure 4.1, 4.2a. The North Wyke Farm Platform (67 ha) is managed as a 
conventional intensive beef and sheep production system.  
     The sampling field, Great Field, is located on a south-east facing hillslope, 
which slopes down towards the centre-west of the field (Figure 4.2b). The North 
Wyke soils are a clay loam overlying shales of the Crackington formation with 
thin subsidiary sandstone bands (Bilotta et al., 2008; Harrod & Hogan, 2008).  
There are three main soil types on Great Field, Hallsworth (USDA 
Aaerichaplaquept, FAO Stagni-verticcambisol), Halstow (USDA 
typichaplaquepts, FAO dysticgleysol), and Denbigh (USDA Dysticeutrochrept, 
FAO Stagni-eutriccambisol), Figure 4.2b (Harrod & Hogan, 2008). These soil 
types represent the most common hydrological soil types in England and 
Wales, covering 13.9 % of the land area (Bilotta et al., 2008). The long-term 
annual temperature and rainfall are 9.6 °C and 1056 mm, respectively, with a 
high proportion of rainfall occurring between October and March resulting in 
water logged soils and a large proportion of rainfall response occurring as 
saturation-excess overland flow (mean of 40 years) (Harrod & Hogan, 2008; 
Dixon et al., 2010). The rainfall and annual temperature at North Wyke have 
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been described as typical of much of the intensively managed grassland areas 
in the UK (Smith & Trafford, 1976). 
 
Figure 4.1. Location map of the sampling site, Rothamsted Research North 
Wyke, in south-west England. 
 
 
Figure 4.2. Description of the sampling site and the chosen sampling field: 
Great Field. a) Location of Great Field within the Farm Platform, Rothamsted 
Research, UK; b) Great Field topography, sloping towards the flume in the 
centre- west of the field, distribution of the three different soil types occurring on 
Great Field, and the nested sampling design.  
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B. Geostatistical sampling design 
 
To quantify spatial variability of soil characteristics, a nested geostatistical 
sampling pattern was chosen (Figure 4.2b). Determining the spatial structure of 
soil characteristics depends on the spatial scale at which they are quantified.  
Small scale measurements will only characterize small scale variability and 
large scale measurements large scale variability (Webster et al., 2006; Turnbull 
et al., 2010). Therefore, a nested sampling scheme allows the estimation of the 
contribution from all distances to the overall variability (Oliver & Webster, 1986; 
Oliver & Webster, 1991; Webster et al., 2006). 
     To compare spatial variability across three different scales, 84 samples in 
total were taken: 12 samples at broad scale (75 x 75 m grid), 45 samples at 
intermediate scale (25 x 25 m grid), 27 samples at small scale (10 x 10 m grid) 
(Figure 4.2b). A hand-held GPS (Nomad Trimble, Sunnyvale, USA) was used to 
map and mark the sampling points. 
 
C. Sample collection, preparation and analysis 
 
All measurements were taken in May 2011 from 0 - 7.5 cm soil depth, the soil 
layer which comprises the soil-plant-water processes of interest for the long-
term monitoring project, such as organic matter dynamics, biological activity, 
surface runoff and erosion (Turnbull et al., 2010). The topsoil layer is particularly 
important in grasslands, as this is the main rooting zone and therefore the area 
of intense biological activity. In some situations applied manure / fertilizers can 
accumulate on the surface without mixing down through the soil profile and may 
then be susceptible to run off (Schärer et al., 2007). 
     With exception of bulk density (BD) samples, samples taken from each 
location were oven dried at 105 °C for 24 hours. Dried soils were then sieved 
through a 2 mm mesh and subsamples were taken for individual analyses. Soil 
organic matter (SOM) analysis was conducted by loss on ignition (LOI) by 
heating at 400 °C for 16 h (Davies, 1974). Particle size distribution (PSD) was 
determined by first treating the samples with H2O2 to remove fine organic matter 
and then analyzing them on a Saturn DigiSizerTM5200 (Micromeritics, 
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Dunstable, UK). For δ13C, δ15N, total carbon (TC) and total nitrogen (TN) 
analysis, soil was finely ground and then analysed using an elemental analyser 
(NA2000, Carlo Erba Instruments, Milan, Italy) linked to a SerCon 20 - 22 
isotope ratio mass spectrometer (SerCon Ltd, Crewe, UK). For bulk density 
(BD), a known volume of soil (249.54 cm3) was taken using metal rings with 75 
mm diameter and 55 mm depth. Soil samples where then weighed and the 
volume of stones and roots (> 2 mm) determined and subtracted from the total 
volume of the metal ring. Soil was then oven dried at 85 °C until constant mass 
was reached. Bulk density (Db) was then calculated using the formula: 
V
M
D db 
 
where, Md is the mass (g) of oven-dried soil and V(cm
3) is the volume of soil. 
Nutrient and SOM storages (g cm-2) were calculated by multiplying the total 
nutrient and SOM values with BD for 7.5 cm soil depth. Elevation (m) for each 
sampling point was derived from a photogrammetrical 5m Bluesky digital 
elevation model (DEM), as a proxy for water movement and resulting soil 
moisture (Armstrong & Garwood, 1991). 
 
D. Statistical analysis 
 
To investigate the spatial structure of the measured soil properties (Question 
4.1), geostatistical analysis was carried out by measuring the average 
dissimilarity between data separated by a given vector (h). The scale of spatial 
dependence was calculated by computing semi-variograms y(h), half the 
average of squared differences between data separated by the lag distance 
vector h, with r as the number of pairs of samples points separated by distance 
h for the property z (Oliver et al., 1989b; Oliver & Webster, 1991; Goovaerts, 
1998; 1999; Turnbull et al., 2010). Before carrying out geostatistical analysis, 
exploratory data analysis was carried out to test for normal distribution and 
outliers in the dataset. All data were standardized by log and normal score 
transformation to enable a comparison between variables with differing units 
(Turnbull et al., 2010).  Omnidirectional experimental variograms were 
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computed using Variowin2.21 (Pantier, Springer, New York), using regular lag 
distances of 5 m up to the maximum distance of 300 m. 
     To identify optimal future sampling distances (Question 4.2), the ranges of 
the computed semi-variograms were used. The range described the distance 
between sampling points at which maximum variability is captured (Oliver et al., 
1989a). 
     Ordinary kriging was conducted with ArcGIS 10 (ESRI, Redlands, California) 
to visualise variability and predict soil characteristics at unsampled locations in 
the form of surface prediction maps (Question 4.3) (Oliver & Webster, 1990; 
Goovaerts, 1999). Ordinary kriging is a form of spatial interpolation, whereby 
mathematical models are first fitted to the values on the experimental semi-
variograms (e.g. spherical, gaussian) and the model is then used to predict 
values of the continuous soil attributes at unsampled locations. By using these 
models, kriging takes into account the spatial arrangement of the sampling 
points by assigning different weighting to sample points. Points that are nearer 
to the location to be predicted are assigned larger weights than points that are 
further away (Oliver & Webster, 1990). 
     To understand the underlying mechanisms of spatial variability (Question 
4.4), Pearson’s correlation coefficient (r) (GenStat 14th edition, VSN 
International, Hemel Hempstead, UK) was used to test the strength of 
correlation between individual soil properties. Correlations were considered as 
significant at the p < 0.05 level. 
 
IV. RESULTS & DISCUSSION 
 
A. General information on measured soil variables 
 
The mean and standard deviation values for all measured soil variables are 
summarized in table 4.2. The stable isotope values are in line with previous 
stable isotope experiments (Dixon et al., 2010). 
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Table 4.2. Summary of the mean and 
standard deviation (StDev) values of the 
measured soil properties. 
 Measured Soil Property 
Measured 
values: Mean ± 
StDev 
δ
13
C (‰) -27.18 ± 0.99 
δ
15
N (‰) 5.31 ± 0.47 
Total Carbon (g kg
-1
) 52.8 ± 16.7 
Total Nitrogen (g kg
-1
) 5.3 ± 1.4 
Soil Organic Matter (g kg
-1
) 110.1 ± 31.4 
Bulk density (g cm
3
) 0.95 ± 0.16 
Total Carbon Storage (mg cm
-2 
)* 364 ± 77.6 
Total Nitrogen  Storage (mg cm
-2
)* 36.8 ± 6.7 
Organic matter storage  (mg cm
-2
)* 762 ± 24.0 
% soil < 2 µm 20.0 ± 3.6 
% soil 2 - 63 µm 72.7 ± 2.5 
% soil > 63 µm 7.1 ± 2.5 
*
 
for 7.5 cm soil depth  
 
B. Spatial variability of soil characteristics 
 
The first aim of this study was to describe the spatial variability of the measured 
soil properties. The range of autocorrelation indicates the distance (m) below 
which most variability occurs and above which variability remains the same 
(Oliver et al., 1989b; a; Oliver & Webster, 1991; Goovaerts, 1998; 1999). The 
semivariograms showed that the ranges of autocorrelation varied between soil 
properties (Table 4.3). The range of autocorrelation of δ13C and δ15N was 212 
m and 258 m, respectively. These ranges were similar with the ranges at which 
C and N storage were autocorrelated, at 235 m and 278 m, respectively. 
However, other soil properties show smaller ranges than those of stable 
isotopes. BD, SOM, TC and TN were autocorrelated at 84 m, 113 m, 119 m and 
170 m, respectively. Additionally, PSD showed varied ranges of autocorrelation, 
44m for soil < 2 µm, 71 m for soil 2 - 63 µm and 142 m for soil > 63 µm. 
     The lower the range distance, the higher is the spatial variability, because 
the distance between two sampling points over which all variability in the 
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dataset occurs is small. Therefore, BD (range = 84 m) and SOM (range = 113 
m) have higher spatial variability compared to the stable isotopes δ 13C (range = 
212 m) and δ 15N (range = 258 m).  
     Overall, spatial variability for stable isotopes was smaller than that of their 
associated total nutrients in Great Field. This has been reported before for the 
case of δ15N in relation to total N and organic C (Selles et al., 1986). Variability 
of BD and SOM occur at similar spatial scales, up to 84 m, larger spatial 
variability than that of stable isotopes in Great Field. 
     Here, spatial variability of the measured soil properties was lower than that 
reported by other studies in different environments: in a Scottish upland 
grassland (range = 13.5 m) (Mariott et al., 1997) and a natural semi-arid region 
(range = 1.73 m ) (Turnbull et al., 2010). The lower spatial variability in Great 
Field compared to these other studies may be explained by the long history of 
intensively managed agriculture, which homogenized soil characteristics in 
contrast to a shorter and less intensive agricultural influence in the Scottish 
upland grassland and no homogenization in the natural semi-arid region. 
 
Table 4.3. Summary of geostatistical analysis. 
  
Nugget 
values 
Range values  
(m) 
Partial Sill 
values 
δ
13
C (‰) 0.72 212 1.40 
δ
15
N (‰) 0.60 258 1.60 
Total Carbon (g kg
-1
) 0.17 119 1.20 
Total Nitrogen (g kg
-1
) 0.33 170 1.30 
Soil Organic Matter (g kg
-1
) 0.18 113 1.20 
Bulk density (g cm
3
) 0.27 84 1.10 
Total Carbon Storage (mg cm
-2 
)* 0.54 235 1.50 
Total Nitrogen  Storage (mg cm
-2
)* 0.65 278 1.60 
Organic matter storage  (mg cm
-2
)* 0.43 95 1.20 
% soil < 2 µm 0.92 44 1.10 
% soil 2 - 63 µm 0.58 71 1.00 
% soil > 63 µm 0.43 142 1.30 
*
 
for 7.5 cm soil depth 
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C. Future sampling resolution 
 
Our second aim was to inform future optimal sampling distances at the farm-
scale. The range of autocorrelation is the distance (m) between any two 
locations at which further increase in distance does not result in further 
increases in variability (Oliver et al., 1989b; a; Oliver & Webster, 1991; 
Goovaerts, 1998; 1999). The ranges of autocorrelation provide the basis for 
designing optimal sampling schemes, because the ranges describe the largest 
sampling distance that can be chosen between sampling points, while the 
maximum variability is still sufficiently captured. In case of a regular sampling 
grid, the larger the cell sizes are that can be chosen, the smaller is the number 
of required samples, reducing sampling effort and cost (Oliver et al., 1989a; 
Oliver & Webster, 1991). The varying scales of spatial variability found here for 
the measured soil properties mean that the number of samples varies, which 
are required to capture spatial variability sufficiently for these properties in 
future sampling regimes. 
     For the farm-scale Farm Platform and other sampling sites in similar soil, 
climatic and management conditions, a 210 m grid would describe spatial 
variability sufficiently both for the stable isotopes and for nutrient storage. In 
contrast, an optimal sampling regime for SOM and BD would require a smaller 
scale of approximately, 84 m grid, to capture spatial variability sufficiently. When 
establishing a sampling grid for all soil properties, the smallest range in the 
dataset determines the cell sizes, in the case of this study it is BD with 84 m. 
 
D. Visualization of spatial variability: prediction of soil 
characteristics at unsampled locations 
 
The third aim of this study was to extrapolate spatial variability at the field-scale 
by predicting values of soil characteristics at unsampled locations. A selection 
of kriged surfaces are shown in figure 4.3. Note that the predictions made by 
kriging are more certain the closer the predicted location is to the sampled 
locations (Oliver et al., 1989a).  In locations where SOM, total nutrients, nutrient 
storages and δ15N values are high, BD and δ13C values are low. Two visually 
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distinct areas of co-occurring high / low values of several soil properties can be 
identified: in the north of the field: SOM, total nutrients, nutrient storages and 
δ15N values are high and BD and δ13C vales are low, whereas the opposite 
pattern occurs in the south of the field. Figure 4.3 shows a dotted line dividing 
these two visibly different parts of the field. The kriged surfaces for PSD show 
no different patterns of variability between north and south. The kriged surface 
of % soil < 2 µm is shown in Figure 4.3i.  
 
 
Figure 4.3. Kriged surfaces for a selection of soil properties a - i (0 - 7.5 cm soil 
depth). The colour contours refer to value categories for each soil property. 
Dots illustrate the nested geostatistical sampling design. The horizontal dotted 
line through the field shows the line dividing the two visibly different parts of the 
field. 
*
 
for 7.5 cm soil depth 
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E. What controls spatial variability? 
 
The fourth aim was to discuss possible underlying mechanisms controlling the 
spatial variation of the measured soil properties. This initial study can only point 
out processes that may be responsible for the spatial variability found. 
     Pearson’s correlations were used to indicate which soil properties are 
related, or may be affected by common underlying processes, a summary is 
given in table 4.4. The correlation results confirm the similar / opposing patterns 
that are visualized in the kriged surfaces, as well as the different patterns of 
PSD in relation to the other soil properties (Figure 4.3). Soil organic matter, total 
nutrients, nutrient storages and δ15N values were positively correlated with each 
other, but negatively correlated with BD and δ13C. Bulk density and δ13C were 
positively correlated. There was no significant correlation between PSD and any 
other soil variable despite the % of soil < 2 µm being reported to protect SOM 
and total nutrients from microbial decomposition by several studies (Tiessen & 
Stewart, 1982; Golchin et al., 1995).  Furthermore, elevation was negatively 
correlated with SOM, total nutrients, nutrient storages and δ15N, but positively 
correlated with BD and δ13C. 
Table 4.4. Summary of Pearson's correlations between measured soil properties*. 
R values are only given for significant (P < 0.05) correlations (n = 84). Particle size 
distribution measurements (% soil < 2 µm, % soil 2 - 63 µm, % soil > 63 µm) were 
not significantly correlated with any other soil property, except each other and % 
soil 2 - 63 µm and % soil > 63 µm with BD (0.24, -0.33, respectively), % soil 2 - 63 
µm with SOM (0.33).  
  
BD SOM  
SOM 
Storage  
TC 
TC 
Storage  
δ
13
C  TN 
TN 
Storage  
δ
15
N  
SOM -0.64 
        
SOM Storage  
 
0.74 
       
TC -0.67 0.94 0.62 
      
TC Storage  
 
0.73 0.86 0.79 
     
δ
13
C 0.29 -0.63 -0.55 -0.61 -0.59 
    
TN -0.64 0.91 0.62 0.52 0.7848 -0.61 
   
TN Storage  
 
0.56 0.83 0.61 0.87 -0.53 0.68 
  
δ
15
N  -0.30 0.47 0.47 0.51 0.48 -0.48 0.47 0.47 
 
Elevation   0.51 -0.57 -0.32 -0.57 -0.38 0.4 -0.54 -0.23 -0.3 
* BD, Bulk density; SOM, Soil organic matter; TC, Total carbon; TN, Total nitrogen 
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     Soil organic matter can be considered as the key factor driving most other 
soil properties (Foth & Turk, 1972; Blume et al., 2010).  Soil organic matter 
affects soil TC and TN content of the soil as they are the main constituents of 
SOM (Foth & Turk, 1972).  SOM also affects soil structure, particularly BD, 
which subsequently influences nutrient storages (Foth & Turk, 1972; Blume et 
al., 2010).  The turnover of SOM then affects stable isotope values. However, 
the spatial variability of decomposition rates may not explain the stable isotope 
values here. Unlike in this study, δ13C and δ15N are known to be generally 
positively correlated due to similar discrimination against δ13C and δ15N 
throughout SOM turnover (van Kessel et al., 1993; Hogberg, 1997; Gerzebeck 
et al., 2001; Bol et al., 2005). Furthermore, elevation may influence SOM 
distribution and subsequently the distribution of the other soil properties. 
Elevation can be considered as a proxy for water movement through the field: 
rain falling in higher elevations will move as throughflow or overland flow to 
lower elevations (Armstrong & Garwood, 1991). This water may then transport 
SOM and total nutrients and deposit these in lower elevation areas, leading to 
SOM and nutrient enrichment in these areas. In addition, downslope water 
movement may result in differing moisture contents (wetter areas at lower 
elevations in the field). Soil moisture conditions alter the decomposition 
processes of the C and N cycle differently, which may explain the negative 
correlation between the stable isotopes found here (Sutherland et al., 1991; 
Amundson et al., 2003; Biswas et al., 2008). 
     To statistically test for differences between the two visually distinctive areas 
of co-occurring high / low values of several soil properties shown in the kriging 
maps (Figure 4.3), two sided t-tests were conducted (GenStat 14th edition, VSN 
International, Hemel Hempstead, UK). The t-tests confirmed the visual 
difference between the soil properties measured in the northern and the 
southern part of Great Field as well as a difference in elevation: significantly 
higher elevations in the southern than the northern part of the field (Table 4.5). 
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Table 4.5. Descriptive statistics of the measured soil properties for 
the whole of Great Field (n = 84), mean and standard deviation 
(Stdev) values of the southern (n = 63) and the northern part (n = 
21) and the difference between those (n = 84). Significant 
differences are underlined. 
Measured Soil Property 
Southern 
Part: Mean 
± Stdev 
values 
Northern 
Part: Mean ± 
Stdev values 
Sig. 
difference 
between 
north and 
south 
δ
13
C (‰) 
-26.86 ± 
0.88 
-28.13 ± 0.64 P< 0.001 
δ
15
N (‰) 5.18 ± 0.42 5.72 ± 0.38 P< 0.001 
Total Carbon (g kg
-1
) 44.4 ± 7.0 78.1 ± 10.4 P< 0.001 
Total Nitrogen (g kg
-1
) 4.5  ± 0.6 7.4 ± 0.4 P< 0.001 
Soil Organic Matter (g kg
-1
) 95.2 ± 17.8 154.0 ± 17.2 P< 0.001 
Bulk density (g cm
3
) 1.0 ± 0.13 0.8 ± 0.13 P< 0.001 
Total Carbon Storage (mg cm
-2 
)* 331 ± 52.4 461 ± 56.7 P< 0.001 
Total Nitrogen  Storage (mg cm
-2
)* 34.5 ± 4.8 43.7 ± 6.9 P< 0.001 
Organic matter storage  (mg cm
-2
)* 710 ± 133.2 917 ± 106.4 P< 0.001 
% soil < 2 µm 20.4 ± 3.8 18.9 ± 2.7 P= 0.108 
% soil 2 - 63 µm 72.7 ± 2.8 72.5 ± 1.3 P= 0.668 
% soil > 63 µm 6.6 ± 2.4 8.4 ± 2.3 P= 0.003 
Elevation (m) 147 ± 3.8 141 ± 1.4 P<0.001 
* for 7.5 cm soil depth 
    
     A consultation of the past farm management records revealed that the area, 
which is now Great Field, previously comprised two fields (north 1.5 ha and 
south 5.55 ha) with contrasting management histories. The dividing line drawn 
in figure 4.3 corresponds to the past dividing field boundary. The northern part 
has been managed as permanent grassland for 25 years, whereas the southern 
part has been ploughed approximately three times in the last 25 years and was 
cropped with winter-barley in 2007 followed by plough-reseed with a ryegrass / 
clover mixture. In terms of vegetation cover, both parts of the field are classified 
as the same National Vegetation Classification (NVC) category: ‘MG7 Lolium 
perenne Poa trivialis and related grasslands’, but the southern part has a higher 
clover content (Trifolium repens), less dense vegetation cover and 
approximately double the sward height compared to the northern part. These 
management histories are representative of normal management cycles of 
intensive grassland management (Bilotta et al., 2007a; Butler & Haygarth, 
2007). 
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     Different past management in combination with differing soil moisture 
conditions as a result of water movement to lower elevations may have affected 
SOM, BD, total nutrient content similarly while affecting stable isotope contents 
differently. Management legacy may go back at least 5 years as the major 
difference in land management in the two parts of Great Field occurred 5 years 
ago. There may be one or a combination of the following mechanisms 
responsible for the differences in the measured soil properties in the two parts 
of Great field: elevation and resulting water movement (Armstrong & Garwood, 
1991; Liu et al., 2007), different nutrient management (Bruck et al., 2001; Choi 
et al., 2003a; Choi et al., 2003b; Bol et al., 2005; Watzka et al., 2006; 
Senbayram et al., 2008; Kriszan et al., 2009), different soil physical 
management (Haynes & Naidu, 1998; Paustein et al., 2000; Freibauer et al., 
2004; Koch & Stockfisch, 2006; Liu et al., 2006; Biswas et al., 2008), different 
rates of N2 fixation (Shearer & Kohl, 1986) and differences in the isotopic 
signature of the past vegetation cover (Bol et al., 2005). The mechanisms by 
which these factors may have affected soil property values in the two parts of 
the field are shown in table 4.6. 
     Further work is required to gain more understanding of the underlying 
processes, which is one of the main aims of the long-term Farm Platform 
project. Studying spatial variability has shown to be very useful: patterns of 
spatial variability were found that had not been anticipated before, like the 
previously divided parts of Great Field and the importance of past management 
legacy in contributing to soil chemical and physical status. Similar time lags 
between agricultural management and soil status and have previously been 
reported by several authors (Addiscott, 1988; Stalnacke et al., 2003; Burt et al., 
2008). These time lags mean that short-term studies (less than at least 5 years) 
analyzing the effects of agricultural management change on soil properties have 
to be interpreted very carefully and past management has to be taken into 
account. For the Farm Platform, the time lag of at least 5 years indicates how 
long it may take to see effects of the new management that is planned in 2013. 
Furthermore, the results here emphasize the importance of detailed spatial 
characterization of baseline soil status and of understanding the underlying 
processes contributing to the observed spatial patterns and functions when 
establishing field to farm-scale experiments. 
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V. CONCLUSIONS 
 
Soil spatial variability in one of the large North Wyke Farm Platform grassland 
fields revealed a lower spatial variability in stable isotopes (δ13C and δ15N) than 
their respective total nutrients, SOM and BD (Question 4.1). The patterns of 
spatial variability suggests that for BD a minimum sampling distance of 85 m is 
sufficient to capture spatial variability. The minimum sampling distance can be 
increased to 110 m when sampling soil chemical properties. These suggested 
sampling distances allow researchers to optimize future sampling effort on the 
Farm Platform (Question 4.2). This study has underlined the importance of 
characterizing spatial variability and discussing possible mechanisms that may 
be controlling key soil chemical and physical properties: Field-scale prediction 
maps (Question 4.3) have uncovered information that was not anticipated: the 
differences between the northern and the southern part of the field being 
potentially caused by differing management history going back at least 5 years 
(Question 4.4). These findings have important implications, not only for future 
sampling on the Farm Platform and comparable sites but also in showing that 
recent and historical management must be taken into consideration when 
establishing field to farm-scale agro-ecosystem experiments.  
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Table 4.6. Summary of the mechanisms that may be responsible for the 
differences in the measured soil properties in the two parts of Great field. 
Mechanisms (first column) and processes by which the opposing values in the 
southern (second column) and the northern (third column) part of the field may 
be caused. 
Potential 
mechanisms 
responsible  
South: barley-plough-reseed North: permanent grassland 
High BD, δ
13
C values High SOM, TN, TC, δ
15
N values 
Low SOM, TC, TN, δ
15
N Low BD, δ
13
C values 
High elevation Lower elevation 
   
Elevation- 
water 
movement 
Water movement away from                   
the southern part: 
Water movement into the northern 
part: 
SOM, TC, TN washed away* 
transport and deposition of SOM,         
TC, TN* 
lower soil moisture content →        
reduced denitrification (low δ
15
N)*
1
 
higher soil moisture → increases 
denitrification   → δ
15
N enrichment*
1
 
   
Nutrient 
management 
Fertilised field: inorganic N inputs Grazed field: manure inputs  
fertiliser contains no SOM, TC*
2
 
manure contains high SOM, TC,          
δ
15
N*
2 
*
3
 
increased plant photosynthetic        
activity- δ
13
C enrichment*
4
  
   
Soil physical 
management 
Ploughed in 2007 Permanent grassland 
breaks soil aggregates, increases soil 
aeration- exposes SOM → increased 
C decomposition → δ
13
C enrichment 
SOM protection and no soil mixing → 
surface accumulation of nutrients*
5
 
lower soil moisture *
6
 
higher soil moisture content → 
increased denitrification → δ
15
N 
enrichment 
   
N2 fixation  
More clover → more N2 fixation Less clover cover → less N2 fixation 
N2 fixed by clover                              
(δ
15
N signatures= 0)*
7
 
higher δ
15
N signatures                            
of overlying vegetation 
   Isotopic 
signature of 
past 
vegetation 
Past vegetation: barley Past vegetation: grass 
higher δ
13
C signature and lower            
δ
15
N signature of barley*
8
 
lower δ
13
C and higher δ
15
N             
signature of grass*
8
 
*   Bol et al., 2005; Senbayram et al., 2008 
*
1
 Choi et al., 2003; Choi et al., 2003a; Watzka et al., 2006; Kriszan et al., 2009 
*
2
 Bruck et al., 2001; Senbayram et al., 2008 
*
3
 Schaerer et al., 2007; Liu et al., 2006; Koch & Stockfish, 2006; Freibauer et al., 2004; 
Paustein et al., 2000 
*
4
 Biswas et al., 1991; Liu et al., 2006; Freibauer et al., 2004; Haynes & Naidu, 1998 
*
5
 Shearer et al., 1986 
*
6
 Bol et al., 2005 
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     This chapter showed that there is significant spatial variation in this example 
intensively managed grassland field (Great Field) and that this variation has to 
be accounted for when sampling soils. When exploring possible underlying 
mechanisms that are causing the spatial distribution of soil properties, 
significant differences between two parts of the field, it was revealed that Great 
Field was previously comprised of two fields, with contrasting past management 
(up to 5 years ago).The different past management was identified as the driver 
for spatial variation in this field.  Whilst this is an important finding, which could 
not have been detected without such high resolution spatial sampling and 
without consultation of current as well as past farm management records, it 
raises the question whether Great Field is an appropriate example of intensively 
managed grassland fields in terms of a) ranges of spatial variation and therefore 
optimal sampling strategies and b) possible underlying mechanisms controlling 
spatial variation. Therefore, to address these issues, chapter 6 employs the 
same nested sampling design in the following summer on Great Field again as 
well as on two other intensively managed grassland fields on the Farm Platform.  
     Semivariogram models in this chapter were fitted by eye with some limited 
help of statistics within the Variowin program and kriging was conducted in 
ArcGIS. Whilst the method of model fitting has proven to work relatively reliably 
(Oliver & Webster, 2014), and many papers use ArcGIS for kriging (e.g. 
Glendell et al., 2014), there are more reliable methods available (Oliver and 
Webster, 2014). Uncertainty as to whether the methods that were used in this 
chapter were reliable arose during this PhD. Because this chapter had already 
been published, it was kept as it was published, but the following chapters that 
employ geostatistics (Chapter 6 and 7) use improved methods. Uncertainty 
about the methods used in this chapter raise the following questions, a) whether 
the north-south pattern that was found in this chapter is in fact an underlying 
trend in the data, b) whether the possible underlying trend in the datasets may 
subsequently compromise the ranges of spatial variation that were presented in 
this chapter and c) whether the surface prediction maps that were created by 
using default settings in ArcGIS are reliable. Therefore, chapter 6 and 7 use 
improved geostatistical methods and address these issues by using a statistical 
package in GenStat specifically developed for fitting semivariogram models 
reliably by testing the model of best fit. The identified semivariogram model of 
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best fit is then used for kriging and provides statistical cross-validation of the 
kriging (Oliver & Webster, 2014). The kriged values are then exported into 
ArcGIS for mapping. 
     Additionally, results in this chapter also raised the question of how long the 
effects of the past management differences will remain or what sort of 
management intervention would homogenize the field. Therefore, Great Field is 
firstly sampled in the same way again in the following year when the current 
management was still the same (Chapter 6) and secondly sampled again two 
years after this sampling period, when the entire field had been ploughed and 
reseeded (Chapter 7). 
     The next chapter (Chapter 5) quantified hydrological characteristics and the 
fluvial fluxes of suspended sediment and macronutrients in three intensively 
managed grassland fields. 
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Chapter 5 
 
Intensive Management in Grasslands Causes Diffuse Water 
Pollution at the Farm-Scale 
 
This chapter was published as a self-standing paper as: Peukert, S., Griffith, 
B.A., Murray, P.J., Macleod, C.J.A., Brazier, R.E. 2014. Journal of 
Environmental Quality. 43, 2009-2023, DOI: 10.2134/jeq2014.04.019. 
 
I. Abstract 
 
Arable land-use is generally assumed to be the largest contributor to agricultural 
diffuse pollution. This study adds to the growing evidence that conventional 
temperate intensively managed lowland grasslands contribute significantly to 
soil erosion and diffuse pollution rates.  
     This is the first grassland study to monitor hydrological characteristics and 
multiple pollutant fluxes (suspended sediment [SS] and the macronutrients: total 
oxidized nitrogen-N [TONN], total phosphorus [TP] and total carbon [TC]) at high 
temporal resolution (monitoring up to every 15 minutes) over one year. 
Monitoring was conducted across three fields (6.5 - 7.5 ha) on the North Wyke 
Farm Platform, UK. The estimated annual erosion rates (up to 527.4 kg ha-1), 
TP losses (up to 0.9 kg ha-1) and TC losses (up to 179 kg ha-1) were similar to 
or exceeded the losses reported for other grassland, mixed land-use and arable 
sites. TONN annual yields (up to 3 kg ha
-1) were less than arable land use fluxes 
and earlier grassland N studies; an important result as the study site is situated 
within a Nitrate Vulnerable Zone. The high-resolution monitoring allowed 
detailed ‘system’s functioning’ understanding of hydrological processes, 
mobilization-transport pathways of individual pollutants and the changes of the 
relative importance of diffuse pollutants through flow conditions and time. SS 
and TP concentrations frequently exceeded water quality guidelines 
recommended by the European Freshwater Fisheries Directive (25 mg L-1) and 
the European Water Framework Directive (0.04 mg soluble reactive P L -1), 
  
- 87 - 
 
suggesting that intensively managed grasslands pose a significant threat to 
receiving surface waters.  
     Such sediment and nutrient losses from intensively managed grasslands 
should be acknowledged in land management guidelines and advice for future 
compliance with surface water quality standards. 
 
II. Introduction 
 
Approximately 40 % of water courses in the USA (Evans-White et al., 2013), 
more than half of all European water courses (EEA, 2012) and two thirds of all 
surface waters in the UK do not reach drinking water status or good ecological 
status (McGonigle et al., 2012). In the UK alone, diffuse agricultural pollution 
contributes to water quality failures as the source for 72 % of sediment  and 
high proportions of macronutrients: 81 % of nitrogen and 31 % of phosphorus 
(Zhang et al., 2014). Carbon is not yet included in water quality guidelines in 
terms of freshwater ecosystem health, but rising carbon concentrations in 
surface waters are known to have an impact on water quality (Edwards et al., 
2008). These pollutants cause human health problems (polluted drinking and 
bathing water) and high economic costs (Parris, 2011). Ecological deterioration 
of water courses, due to eutrophication, is also a problem: increased 
occurrence of algal blooms with subsequent dissolved oxygen depletion, 
reduced light availability and perturbation of the balance of organisms, generally 
associated with a decline in invertebrate and fish species (Bilotta et al., 2008). 
     The effects of different agricultural land uses on pollutant sources, 
mobilization, transfer and delivery to water bodies need to be understood in 
detail (Haygarth et al., 2005), to support the need for sustainable intensification 
of agriculture, whilst minimizing diffuse pollution, and eventually to identify best 
management practices (BMPs). However, gaining such knowledge has been 
constrained for several reasons, discussed below. 
     First, grasslands managed for dairy and meat production, despite covering 
more than half (65 %) of the agricultural land in the UK and extensive areas of 
western Europe, Australia and New Zealand  and the United States (40 %) 
(Brazier et al., 2007; Bilotta et al., 2008) have received less research attention 
than other land uses in terms of water quality research. Only recently has the 
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general assumption been challenged that grasslands contribute little to total 
agricultural diffuse pollution in comparison to their arable counterparts (Brazier 
et al., 2007). Several studies have since demonstrated sediment and 
macronutrient losses from grasslands to be comparable with those of arable 
fields / catchments and to exceed EU water quality guidelines (Preedy et al., 
2001; Bilotta et al., 2008; Granger et al., 2010). 
     Second, multiple diffuse agricultural pollutants are rarely considered in the 
same study. However, it is widely acknowledged that it is not the availability of 
single nutrients, but the relative availability of multiple nutrients that impact 
aquatic ecosystems. The impacts range from direct toxic effects on aquatic 
biota to effects on primary productivity, cascading through the entire aquatic 
food web (Elser & Urabe, 1999; Dungait et al., 2012). The acknowledgment of 
the relative importance of nutrients has challenged the general consensus that 
freshwater systems are always P limited (Elser et al., 2007; Conley et al., 2009). 
Additionally, most studies focus on inorganic forms of N and P as they were 
considered as the bioavailable forms and EU / UK water quality regulations 
focus on those forms. Such studies fail to capture the total nutrient delivery of 
both directly bioavailable (inorganic forms) and organic forms that can become 
available by assimilation by bacteria (organic N, (See et al., 2006)) or hydrolysis 
(organic P, (Darch et al., 2013)). Water quality guidelines in the USA for 
example are set as total N and total P (USEPA, 2000). 
     Third, the depth of scientific understanding has often been limited by the 
temporal resolution of the data. The recent development and increased use of 
near-continuous water quality sampling equipment promises great advances in 
hydrochemical process understanding (Kirchner et al., 2004). Generally, the 
higher the data resolution and the longer the time series, the more revealing are 
the results. Estimating accurate pollutant loads and yields (Cassidy & Jordan, 
2011), understanding fine temporal variability of sediment and nutrient fluxes 
(Jordan et al., 2012; Melland et al., 2012) and calculating accurate and precise 
water quality guideline exceedance frequencies (Bilotta et al., 2010; Thompson 
et al., 2014) are examples of what is possible with high-resolution monitoring. 
     Finally, catchment scale water quality research, whilst conducted at a 
pragmatic ‘hydrological’ scale is often limited in providing information on 
pollutant sources within catchments, process information on the contribution of 
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individual units of land use or information on the effectiveness of policy efforts 
towards reducing water pollution. Each catchment has numerous pollutant 
sources and land uses, which are managed separately by different stakeholders 
(e.g. farmers, landowners or rural industry). Any effort towards reducing 
pollution is generally targeted towards individual pollutant sources and their 
managers. Therefore, the scale of management decisions and policy 
implementation is not the catchment scale, but in the case of agricultural diffuse 
sources, it is the individual farm scale. Here, we suggest that field- to farm-scale 
research is a logical scale to guide agricultural diffuse pollution research. Field 
to farm-scale research within a catchment might give insight into a) the likely 
contribution a single type of agricultural land use has on overall water pollution 
and therefore improve pollution source apportionment within catchments, b) the 
effects of individual soil and nutrient management practices, and c) the 
effectiveness of mitigation measures. The usefulness of farm-scale experiments 
has been reviewed before (Pilgrim et al., 2010), but there are few, 
comprehensive field to farm-scale monitoring experiments underway, especially 
in intensively managed grasslands. 
     Addressing the above limitations in water quality research, this study 
quantifies the hydrological characteristics and the fluvial fluxes of suspended 
sediment and the macronutrients TC, TONN (total oxidised nitrogen) and TP at 
high resolution (up to 15 minute sampling intervals) over one year in intensively 
managed grasslands. Thus, this study provides novel information to answer the 
following key questions: 
 
Question 5.1 How do rates of sediment and macronutrient delivery from 
intensively managed grasslands compare to other agricultural land uses? 
Question 5.2 What are the controlling factors on hydrology and how does 
hydrology affect fluxes and yields of sediment and macronutrients in intensively 
managed grasslands? 
Question 5.3 How does the relative importance of diffuse pollutants from 
intensively managed grasslands change through flow conditions and time? 
Question 5.4 How does water quality from intensively managed grasslands 
compare to EU and UK recommended water quality standards at the farm-
scale? 
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III. Methods 
 
A. Field Site 
 
This study was undertaken at the North Wyke Farm Platform in south-west 
England, UK (50°046’10”N, 30°54’05”W) (Figure 5.1a - b), described in more 
detail by Griffith et al. (2013). Three large fields (6.6 - 7.6 ha) were chosen for 
sampling: Great Field (Field 2), Orchard Dean (Field 5), and Middle and Higher 
Wyke Moor (Field 8), as they represented the same scale of interest (Figure 
5.1c - e). The total area of the farm is 68.4 ha. 
     During the sampling period for this study, the Farm Platform was managed 
as a conventional beef and sheep production system. Application of fertilizers 
on the Farm Platform is in accordance with the Code of Good Agricultural 
Practice (DEFRA, 2009; 2010) and the Nitrate Vulnerable Zone guidelines 
(DEFRA, 2008) and is therefore considered to represent standard management 
practices for grassland systems. The grasslands of the Farm Platform are 
classified as intensively managed grassland. The three sampling fields were 
mainly used for cattle grazing (~30 cattle per field for ~ 75 - 95 days in all three 
fields) and sheep grazing (90 weaned lambs for 20 days in Field 8) during the 
summer of 2012. Additionally, the fertilizer N inputs during the sampling period 
were: field 2: 522 kg (6.71 ha catchment size), field 5: 503 kg (6.59 ha 
catchment size), field 8: 495 kg (7.59 ha catchment size). No mineral P and K or 
Farmyard manure (FYM) were applied to the sampling fields during the 
monitoring period. 
 
     Each field is hydrologically isolated (to a depth of 0.8 m) so that water 
leaving the field by sub-surface lateral flow or surface runoff is channelled via 
French drains into flumes, which are outfitted with water quality and quantity 
monitoring equipment. The hydrological soil types common on the North Wyke 
Farm Platform are representative of the most common hydrological soil types in 
England and Wales, covering approximately 13.9 % of the land area, (Boorman 
et al., 1995) and are typical for many areas under grassland management 
(Bilotta et al., 2008). The North Wyke soils are clay loams overlying shales of 
the Crackington formation with thin subsidiary sandstone bands (Bilotta et al., 
  
- 91 - 
 
2008; Harrod & Hogan, 2008) (soil series classifications according to different 
systems in Figure 5.1c - e). The soil series vary in their hydrological 
characteristics, but all have low water storage capacity and are slowly 
permeable up to 30 cm soil depth, where they have a clay-rich layer with very 
low hydraulic conductivities, allowing the (near to) hydrological isolation of the 
fields (Harrod & Hogan, 2008). The rainfall and annual temperature (1056 mm 
and 9.5 °C, respectively, mean of 40 years) at North Wyke are typical of much 
of the intensively managed grassland areas in the western UK (Harrod & 
Hogan, 2008). 
 
B. Site Instrumentation 
 
The Farm Platform instrumentation set-up is described in detail by Griffith et al. 
(2013). In short, every field is equipped with a rainfall and soil moisture 
monitoring station and the water leaving each field drains to a flume with a 
range of automated or semi-automated water quantity and quality monitoring 
equipment (locations shown in Figure 5.1c - e). All data are collected at 15-
minute time intervals and transmitted by a remote telemetry unit (RTU) 
(www.adcon.at) via UHF radio telemetry to a centrally located base-station 
(a850 Gateway). The base station sends the raw data into the AddVantagePro 
software (www.adcon.at), which stores, processes and visualises these data 
(Griffith et al., 2013).  
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C. Hydrology and water quality monitoring 
 
Hydrology data presented here were continuously monitored from April 2012 - 
April 2013. Each field is equipped with a tipping bucket rain gauge, with a 0.2 
mm resolution (ADCON RG1, ADCON, Davis, USA). The discharge in each 
flume was measured by a 4230 Bubbler Flow Meter (Teledyne Isco, Lincoln, 
USA). The flow meter measures the flow height (h) in the flumes 
(www.tracomfrp.com), where the relationship between water height and flow 
rate is derived. Adcon SM1 soil moisture probes were used to measure soil 
moisture content (expressed as % soil moisture) through the soil profile: at 10, 
20 and 30 cm soil depths (Griffith et al., 2013).  
     Hydrological data presented here were monitored from 1st April 2012 to 1st 
April 2013. Suspended sediment (SS) and the macronutrients carbon (total C), 
phosphorus (total P) and nitrogen (total oxidized nitrogen-N: TONN) were 
monitored by a combination of different approaches, from making use of recent 
advances in continuous sampling equipment to manual sampling and laboratory 
analysis. Manual TC samples were taken from 1st April 2012 to 1st April 2013. 
Automatic and semi-automatic water quality data (SS, TONN, TP) were used for 
the hydrological season, from 1st October 2012 - 1st April 2013, from when the 
sensors were fully installed, operational, and quality assured. 
     Total oxidized N and SS were monitored continuously (flow permitting) by 
automated sensors located in a stainless-steel by-pass cell. The runoff water 
was automatically pumped into a by-pass cell every 15 minutes if flow was > 0.2 
L s-1 and the last sample was held in the by-pass cell when flow dropped < 0.2 L 
s-1 (Griffith et al., 2013). The by-pass cell was required to keep sensors 
constantly submerged. TONN was measured by an optical UV absorption 
sensor, NITRATAX plus SC (Hach Lange, Germany, Düsseldorf, www.hach-
lange.co.uk) by passing UV light using a two-beam turbidity compensated 
photometer through the water and measuring the absorption. The absorption 
was then converted to TONN concentrations, using the known UV light 
absorption rates of nitrate dissolved in water below the wavelength of 250 nm 
(Griffith et al., 2013).  
     As a proxy for SS, turbidity was continuously monitored using a YSI 
multiparameter sonde (6600V2, YSI, Yellow Springs, USA; www.ysi.com). To 
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convert turbidity measurements (Nephelometric Turbidity Units, NTU) into SS 
(mg L-1), the relationship between NTU and SS measured on the same samples 
was established (Table 5.1). Flow-proportional samples were taken via auto-
sampler (ISCO 3700, Teledyne Isco, Lincoln, USA) and then analyzed in the 
laboratory for SS by filtering a known volume of sample through a pre-weighed, 
dry, glass fibre filter paper (1.2 mg pore size, Whatman GFC) followed by drying 
at 105 °C for 60 min and re-weighing to determine SS (Bilotta et al., 2008).  
     Total P was measured by a Dr. Lange Sigmatax-Phosphax suite (Hach 
Lange, Hach Lange, Germany, Düsseldorf, Germany; www.hach-lange.co.uk). 
The Phosphaxes are installed by the flumes and were manually switched on 
and off according to flow conditions. The Sigmatax-Phosphax suite extracts the 
water directly from the flume with the Sigmatax unit and homogenises a 100 mL 
sub-sample with a 3-minute ultra-sound homogenization. The sample is then 
digested with sulphuric acid-persulphate before addition of molybdate antimony 
and ascorbic acid  (Jordan et al., 2007). 
     Total C was measured by taking flow-proportional grab-samples via auto-
sampler, and then analyzed in the laboratory for TC. The sample bottles were 
collected and transferred to the laboratory within 24 hours, immediately 
refrigerated and analyzed within 48 hours of the event. A Scalar Formacs 
analyzer was used (FormacsHT TOC / TN Analyzer, Scalar, Breda, 
Netherlands). The samples were not filtered and stirred before needle injection 
into the analytical instrument in order to provide a measurement as close to the 
total amount of carbon as possible (both dissolved organic and inorganic and 
particulate organic and inorganic C), here simply called total C. Within the 
Scalar Formacs, samples were heated to 850 °C and all forms of carbon were 
oxidised to carbon dioxide with cobalt oxide. Carbon dioxide was then 
determined by infrared detection. Total inorganic carbon (TIC) and total organic 
carbon (TOC) was automatically measured/ calculated in this procedure. The 
average % of TIC and TOC in all TC samples was calculated.  
     The quality of the data were assured by a) regular equipment calibration and 
drift checks, b) running a quality assurance programme, which incorporates 
sensor drifts, as well as filters out values that are above and below the known 
limits of detection by the sensors and c) using the established relationship by 
cross-validation between automated measurements and laboratory analysis 
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from samples taken within the same 15-minute slots during hydrological events 
to correct the data (Table 5.1).  
 
Table 5.1. Correlation functions between automated measurements 
and laboratory measurements (event-based samples taken in the 
same 15-minute slot). 
  
TONN
*
 
probe*
1
- 
TONN lab*
2
 
TONN
*
 
probe*
1
- 
TONN lab*
3
 
TP* probe*
4
 -         
TP lab*
5
 
TP* probe*
4
 
-    TP lab*
6
 
Turbidity 
probe*
7
 -       
SS lab 
Flume 
2 
y=1.07x-0.51 
(R
2
=0.77 , N=12) 
y=0.53x+0.06 
(R
2
=0.4, N=24) 
y=1.53x-0.04 
(R
2
=0.89, N=16)        
y=1.29x-0.005 
(R
2
=0.82, 
N=11) 
y=1.18x+0.05 
(R
2
=0.75, 
N=256) 
Flume 
5 
y=0.62x-0.32 
(R
2
=0.76 , N=17) 
y=0.53x+0.002 
(R
2
=0.47, N=70) 
y=0.78x+0.03 
(R
2
=0.69, N=16)           
y=0.91x+0.02 
(R
2
=0.86, 
N=16) 
Flume 
8 
y=0.7x-0.01    
(R
2
=0.7, N=17) 
y=0.83x-0.01 
(R
2
=0.68, N=27) 
y=1.26x-0.02 
(R
2
=0.72, N=19)           
y=1.08x-0.004 
(R
2
=0.72, 
N=17) 
* TONN, total oxidised nitrogen-N; TP, total phosphorus; SS, suspended sediment 
*
1 
TONN probe, Nitratax 
*
2
  the Nitratax was factory calibrated in Jan 2013, this calibration is pre- factory 
calibration 
*
3
  the Nitratax was factory calibrated in Jan 2013, this calibration is post factory 
calibration 
*
4 
TP probe, Phosphatax 
*
5
 1
st
 Phosphax deployment: 14/12/2012-20/1202012, 
*
6  
2
nd
 Phosphax deployment: 25/01/2013-12/02/2013. 
*
7 
Turbitiy probe measured in NTU, nephelometric turbidity units 
 
     All quality assured data were considered as the entire time series. To 
establish an event-based dataset, data taken during hydrological events were 
extracted from the continuous datasets by using a rule-based method (based on 
(Bilotta et al., 2008) defining hydrological events as a period of rainfall and 
discharge if the discharge increases in response to a period of precipitation 
above a certain threshold, based on field size. A storm event was considered to 
start when rainfall occurred after it had been dry for 2 hours and that rainfall was 
followed by either a net flow rise within the next 8 hours or a rapid flow rise (> 
0.5 L s-1 ha-1 within an individual 15-minute time slot) and the flow rose > 1 L s-1 
ha-1 within the event. A storm event was considered to end 4 hours after the last 
rainfall associated with an event. In total, 184 hydrological events (61 for field 2, 
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64 for field 5 and 59 for field 8) were recorded between 1st April 2012 and 1st 
April 2013 using these rules.  
    To minimize uncertainty in the automated water quality data (SS, TONN), 
hydrological events were ignored if there was > 1h continuous missing data in 
the event time series, unless data was missing at the start of an event, when 
flow levels were too low for water to be pumped into the by-pass cell housing 
the sensors. All TP and TC events were used. 
     (Question 5.1) To compare rates of sediment and macronutrient delivery 
from intensively managed grasslands to other agricultural land uses, annual 
yields were calculated and compared to those reported in other grassland 
studies, mixed agricultural land-use studies and from arable land. To estimate 
annual yields, the entire time series was used: event-based data as well as data 
taken between hydrological events. Annual yield estimation is generally highly 
uncertain, as pollutant concentrations over unmonitored time steps have to be 
estimated (Bilotta et al., 2010), even with the near-continuous sampling regimes 
employed in this study. To estimate total yield of SS and TONN, rating curves 
with 95 % confidence intervals were calculated and used to estimate 
concentrations of unsampled time steps (Bilotta et al., 2010; Glendell & Brazier, 
2014). To estimate annual yield of TC and TP with low data coverage, the 
Walling and Webb Method 5 was used (Walling & Webb, 1985). This method 
provides the least biased yield estimation from time series with little data 
coverage, but a continuous discharge record (Walling & Webb, 1985; 
Littlewood, 1992; Glendell & Brazier, 2014). 
     (Question 5.2) To examine the controlling factors on hydrology and how 
hydrology affects fluxes and yields of sediment and macronutrients, a) rating 
curves between discharge and pollutant concentrations were established 
throughout the entire time series, and b) stepwise-multiple linear regressions 
were conducted to understand event-based relationships between hydrology 
and responses of individual pollutants (considered significant at the p ≤ 0.05) 
and  c) the sedigraph / chemograph shapes and hysteresis effects were 
examined in relation to the hydrographs. Non-normally distributed variables 
were log transformed. All statistical analysis was conducted in Genstat (15 th 
edition) (VSN International Ltd., Hemel Hempstead, UK).  
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     (Question 5.3) Three steps were involved to examine the relative 
importance of diffuse pollutants through flow conditions and time. a) The 
percentage contribution of each pollutant to overall annual yields as well as 
annual yield macronutrient ratios were calculated for all fields. b) The mean / 
median concentrations and pollutant ratios were contrasted through all 
monitored baseflow and stormflow periods, as well as further divided into the 
lower baseflow quartile and the upper stormflow quartile for one example field 
(field 2) (Melland et al., 2012). The overall duration over which these flow 
conditions occurred over the entire monitoring time series was expressed as a 
percentage of the entire time series. c) The fine-scale contribution of pollutants 
to overall pollution and their ratios were plotted throughout a 34 hour period for 
one example field (field 5), which includes a storm event followed by a long 
period of baseflow. Overall, SS, TONN and TP were considered over baseflow 
periods and SS, TONN, TP and TC were considered over storm-flow periods. 
    (Question 5.4) To compare water quality from intensively managed 
grasslands to EU / UK recommended water quality standards, the percentage of 
15-minute time-step data that exceeded concentrations recommended by water 
quality guidelines was calculated (Bilotta et al., 2010). Such concentration-
frequency curves express the pollutant delivery data in an ecologically relevant 
way: providing an indication of the duration of exposure to certain pollutant 
concentrations (Bilotta et al., 2010; Thompson et al., 2014). Water quality 
guidelines used are summarized in table 5.2). 
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Table 5.2. Summary of the water quality guidelines and their specific 
pollutant concentrations used to compare to the pollutant 
concentrations measured on the North Wyke Farm Platform.  
Pollutant 
in this 
study* 
Guideline used 
Chemical 
guideline set for 
Guideline 
concentration 
SS 
EU Freshwater Fisheries 
Directive 
No specified SS 
size 
25 mg SS L
-1
 
lower SS standard than FFD 
used because FD was 
suggested to be too high 
(Bilotta et al., 2012) study on 
SS background levels of 638 
UK water courses in 
reference state) 
No specified SS 
size 
10 mg SSL l
-1
 
TP 
‘good ecological status' 
(GES) specifically for the 
upper Taw catchment (UK 
Technical Advisory Group 
(TAG) standard devised for 
the EU Water Framework 
Directive) 
dissolved 
molybdate 
reactive 
phosphorus 
(MRP) 
< 0.04 mg MRP L
-1
 
‘moderate ecological status' 
(MES) specifically for the 
upper Taw catchment (UK 
Technical Advisory Group 
(TAG) standard devised for 
the EU Water Framework 
Directive) 
dissolved 
molybdate 
reactive 
phosphorus 
(MRP) 
< 0.15 mg MRP L
-1
 
TONN EU Nitrates Directive 
NitrateN               
(NO3
-
-N) 
< 11.3 mg NO3
-
-N L
-1
 
TC n.a n.a n.a 
* SS, suspended sediment; TP, total phosphorus, TONN, total oxidized nitrogen-N; 
TC, total carbon. 
*1 n.a., carbon is not included in water quality standards, yet, in terms of freshwater 
ecosystem health. 
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IV. Results & Discussion 
 
Rainfall and the occurrence of hydrological events were similar, but peak flow 
rates varied between the fields throughout the entire time series (April 2012- 
April 2013) (Figure 5.2). The sampling year was wet, with 132 % of the average 
annual rainfall (of the past 40 years) occurring at the site. Results therefore 
illustrate the response of a landscape that is well connected to its surface 
waters, a scenario that is likely to occur more often in the future with wetter 
winters being predicted to occur in the UK with climate change (Jordan et al., 
2012). 
     Hydrographs across the Farm Platform demonstrate a rapid response to 
rainfall, with high variability across the year with storm runoff-coefficients being 
as low as 10 % during the summer and reaching as high as 133 % during the 
winter (Table 5.3). The flashy hydrographs are typical for most areas of 
managed grasslands with similar soil types and topography (Bilotta et al., 2008). 
The soil moisture (%) at 10 cm depth was the most variable in all three fields 
(21 - 46 %), showing the lowest soil moisture levels during summer and the 
highest during winter / wet periods. Moving down the soil profile, the soil was 
driest at 20 cm (24 - 34 %) (apart from dry periods, when the topsoil was driest) 
and was most constant at 30 cm soil depth (29 - 39 %). Soil conditions were 
considered as dry when soil moisture at 10 cm < 40 %, 20 cm < 30 %, 30 cm < 
36 % and near saturation when soil moisture levels were above these 
thresholds, accounting for high variability and measurement errors. The high 
rainfall-runoff coefficients reflect both the fast response of these soils caused by 
the low water storage capacity that heavy clay soils support and the artificial 
drainage system. A number of events (6 out of 184 in total) had runoff-
coefficients higher than 100 %, which may be due to a) spatial variability of 
rainfall rates, so that a lower total rainfall is calculated for a hydrological event 
than actually fell on the field, b) errors in rain gauge measurements, c) elevated 
‘baseflow’ at the start of storm events which were still affected by previous 
rainfall and d) water previously stored in the drainage system or the soil being 
flushed out in rapidly flowing events.   
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Table 5.3. General overview of the three fields’ hydrological 
characteristics (mean, median, minimum and maximum) 
during storm events and number of captured events. 
Field    
Total 
Rainfall 
Total 
Discharge 
Peak 
Discharge 
Rainfall-
runoff 
coefficient 
    mm 1000L L s
-1
 % 
2 
Mean 15.9 517.2 28.1 46.2 
Median 11.2 352.5 21.4 46.6 
Minimum  2.4 70.4 6.9 12 
Maximum 50 2124.4 97.6 82 
N 61 61 61 61 
5 
Mean 14.2 586.7 37 63 
Median 9.8 405.6 30.8 60.9 
Minimum  2 52.5 6.8 9.9 
Maximum 50.4 2424.9 105.8 132.7 
N 64 64 64 64 
8 
Mean 15.8 701.3 38.5 54.3 
Median 11 452.2 32.9 52.7 
Minimum  3.2 87.7 8.6 12.7 
Maximum 46.8 2583.6 103.9 128.7 
N 59 59 59 59 
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A. How do rates of sediment and macronutrient delivery from 
intensively managed grasslands compare to other agricultural 
land uses? 
 
 Individual hydrological events in these grassland fields can yield up to 29.5 kg 
SS ha-1 (> 1.2 μm), 84.5 g TONN ha
-1, 49 g TP ha-1, and 7.1 kg TC ha-1 (Table 
5.4). Estimated over the entire sampling duration (April 2012 - April 2013), these 
grassland fields yield up to 527.4 kg SS ha-1, 3 kg TONN ha
-1, 0.9 kg TP ha-1 
and 179 kg TC ha-1 annually (Table 5.4). TC was approximately composed of 
34 % TIC and 66 % TOC. Apart from four TC events, all events for which water 
quality parameters were measured occurred when the soils were wet / near 
saturation or saturated (October- March). 
     Erosion rates from the Farm Platform intensively managed grasslands 
(annual yields 182.2 - 527.4 kg SS ha-1) are comparable to similar grasslands 
(up to 14.9 kg SS ha-1 during individual events (Bilotta et al., 2008)); 540 - 1210 
kg SS ha-1 year-1 (SS > 0.7 μm) (Bilotta et al., 2010)), mixed land use (640 kg 
ha-1 year-1 average erosion rate for 56 mixed land-use catchments (Boardman & 
Evans, 1994), 255 - 588 kg SS ha-1 year-1 in a mixed land-use catchment in the 
south-west UK (estimated for a 9 month period (Glendell & Brazier, 2014), 116 
kg SS ha-1 year-1 in a mixed-agricultural tributary to the River Dee in Scotland 
(Stutter et al., 2008)), and are within the ranges reported for arable land 
(average erosion rates for clay soils 611 kg ha-1 year-1(Deasy et al., 2009), 85 - 
650 kg SS ha-1 year-1 on an arable site in England (Withers et al., 2006), 410 - 
1910 kg ha-1 year-1 on the UK Woburn Erosion Reference Experiment (Quinton 
et al., 2006)). The erosion rates presented in this study were measured as 
particles > 1.2 μm. If smaller particles had been included in the measurements, 
which are known to be preferentially transported from grasslands to surface 
waters, erosion rates may have been even higher (Bilotta et al., 2007). The high 
erosion rates from intensively managed grasslands reported here add to the 
growing evidence that grasslands have previously been underestimated in their 
erosion rates, which should be acknowledged in land management guidelines 
and advice. 
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         The TONN losses from the Farm Platform were low (annual yields 0.92 - 3 
kg ha-1). Concentrations in discharge waters were similar to those from 
comparable grasslands (Granger et al., 2010; Sandford et al., 2013), but annual 
yields were lower than the losses reported in nearby grassland studies in the 
past (35.8 - 133.8 kg NO3
- ha-1 year-1(Scholefield et al., 1996). The reduction in 
N leaching may be attributed to reduced N inputs, controlled by NVZ guidelines 
in the UK (DEFRA, 2008). Grasslands monitored by Scholefield et al. (1996) 
received more than double the N inputs (between 200 - 400 kg N ha-1 year-1) 
that the sampled fields in this study received (80 kg N ha-1 year-1). The annual 
TONN losses from the Farm Platform were significantly lower than those 
reported for mixed land use (17.4 kg NO3
- ha-1 year-1 in a mixed grassland and 
arable catchment in Scotland (Stutter et al., 2008) and arable land-use (6 - 60 
kg NO3
- ha-1 year-1 in Denmark (Erikson & Vinther, 2002), average losses of 30 
kg NO3
- ha year-1 on the Rothamsted Research Broadbalk Wheat experiment, 
UK, (Goulding et al., 2000), > 20 kg NO3
- ha year-1 from tile drained arable land 
in USA (Schilling et al., 2013). 
     TP losses reported herein (up to approx. 0.9 kg ha-1 year-1) compare well 
with typical TP losses reported for UK agricultural catchments (1 kg P ha-1 year-
1 (Heathwaite, 2005)), P losses measured in nearby grasslands (0.21 kg SRP 
ha-1 year-1 of soluble reactive P (Hawkins & Scholefield, 1996) event yields of 
up to 50 g P ha-1 (Bilotta et al., 2008)), other grasslands (0.54 - 0.7 kg TP ha-1 
year-1 in Irish grassland catchments (Jordan et al., 2012)), mixed land-use (0.37 
kg TP ha-1 year-1 in a Scottish mixed catchment (Stutter et al., 2008)), and 
arable land (Irish arable land 0.18 - 0.79 kg TP ha-1 year-1 (Jordan et al., 2012), 
2 kg TP ha-1 year-1, UK, (Smith et al., 2001), 0.17 - 0.73 kg TP ha-1 over one 
winter on a clay soil, UK (Deasy et al., 2009)). The TP losses add to the 
growing evidence that grasslands contribute significantly to P levels in surface 
waters. 
     The comparison of TC yields from the Farm Platform with yields from 
grasslands or other land uses is constrained, because a) the majority of C 
studies are conducted on peaty or natural catchments and b) studies mostly 
measure dissolved organic carbon (DOC) (Worall et al., 2012) rather than the 
TC data presented here. Results show that TC was approximately divided into 
34 % TIC and 66 % TOC. Despite constraints in comparing DOC and TC / TOC 
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yields, C exports from these grasslands (up to 179 kg ha-1 year-1 (≈ 118 kg TOC 
ha-1 year-1)) exceeded those of typical UK / European catchments (the average 
of 85 UK catchments 7.7 - 103.5 kg DOC ha-1 year-1 (Hope et al., 1997b)) and 
the range reported for an agricultural watershed in Midwestern USA (14.1 - 19.5 
kg DOC ha-1 year-1 (Dalzell et al., 2007)), as well as the range reported for 
German grasslands (8 - 55 kg DOC ha-1 year-1 (Don & Schulze, 2008)). In 
addition, the TC annual rates are comparable to the combined rate of DOC and 
total particulate carbon measured over a 9 months period in an agricultural 
catchment in south-west UK (27.18 - 130.46 TPC + DOC kg ha-1 (Glendell & 
Brazier, 2014)). The high rates of C export support the notion that agricultural 
catchments, particularly pastoral systems, yield higher C losses than forested or 
semi-natural catchments (Graeber et al., 2012). Increased C losses from 
agricultural catchments may be caused by manure applications and grazing 
causing an increase in soil dissolved organic matter concentration through 
stimulation of microbial activity and increased oxygenation of the agricultural 
soils (Chantigy, 2003; Heitkamp et al., 2009) and higher erosion rates (Hope et 
al., 1997a; Quinton et al., 2010) transporting high rates of particulate carbon. 
The few studies that quantified DOC and particulate carbon in agricultural 
landscapes showed a high contribution of particulate carbon to overall carbon 
losses by low DOC-TOC ratios (up to 1.01) (Glendell & Brazier, 2014) and 58 % 
and 42 % of organic C losses as DOC and particulate organic carbon (POC), 
respectively (Stutter et al., 2008). Therefore, studies measuring C cycling and C 
losses from agricultural land to freshwater should include total carbon as up to 
50 % of C losses may not be accounted for (Quinton et al., 2006). 
     The annual yield estimations of SS and TONN in this study may be more 
accurate than those presented in many other water quality studies, owing to the 
high-resolution sampling. Annual yield estimation is generally uncertain, but 
uncertainty increases with reduced sampling frequency (Kirchner et al., 2004; 
Bilotta et al., 2010; Cassidy & Jordan, 2011; Jordan & Cassidy, 2011). Low 
sampling frequency may either miss transfers by high intensity but low duration 
and low frequency storm events or may overlook the contribution of baseflow 
loads to overall yields (Jordan & Cassidy, 2011). Therefore, low-frequency 
sampling has been demonstrated to generally underestimate total yields by up 
to 60 % (Cassidy & Jordan, 2011). 
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     It is important to note that erosion rates and losses of TP and TC were 
equivalent to those reported for mixed agricultural land and arable land use, 
even though the fertilization rates and stocking densities were relatively low for 
intensively managed grasslands and the fields had not been ploughed recently, 
a common management practice in intensively managed grasslands. Therefore, 
results presented herein demonstrate that sediment, TP and TC losses from 
intensively managed grasslands are significant. 
 
B. What are the controlling factors on hydrology and how does 
hydrology affect fluxes and yields of sediment and 
macronutrients in intensively managed grasslands? 
 
Total event rainfall described a significant amount of variance in total event 
discharge in field 2, field 5 and field 8 (R2 = 0.61, 0.62 and 0.77, respectively). 
Also, variance in discharge peaks in all fields were significantly related to total 
rainfall and peak rainfall intensity in the case of field 2 and field 5, but to a lesser 
extent (R2 = 0.47, R2 = 0.52, respectively). The sampled fields respond very 
quickly to rainfall, the start of rising flows during hydrological events often 
occurs only 15 minutes after rainfall started, depending on antecedent soil 
moisture conditions. Testing for antecedent soil moisture conditions as a 
control, sampled events were divided into events that occurred when soils were 
wet and dry. The amount of total discharge described by total rainfall was higher 
in Field 2, 5 and 8 when soils were wet (R2 = 0.85, 0.87, 0.94, respectively) and 
in Field 2 and 5 when soils were dry (R2 = 0.82, 0.63, respectively) (Figure 5.3). 
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     The flashy discharge response to rainfall indicates a fast lateral movement of 
water either on the soil surface or through the surface layers via cracks and 
macropore flow (Granger et al., 2010). The topsoil (10 cm) is the most 
responsive to rainfall and temperature changes. Upon reaching field capacity in 
the topsoil, water is most likely to run off laterally down slope rather than further 
infiltrating into the driest 20 cm soil layer. The 30 cm clay-rich soil layer 
maintained the most constant soil moisture. Antecedent soil moisture conditions 
were a controlling factor on discharge, despite soil moisture measurements 
being highly variable. The highest runoff coefficients occurred when the soil was 
near saturation prior to a rainfall event, suggesting that hydrological events are 
mostly driven by saturation excess processes during wet periods (most of the 
sampling year as it was a particularly wet year) and only a small proportion of 
events was driven by infiltration excess processes during the summer months 
(Granger et al., 2010). 
     Throughout the entire time series, discharge explained significant amounts 
of variation in concentrations of SS (field 2: R2 = 0.62, field 5: R2 = 0.71, field 8: 
R2 = 0.65), TONN (field 2: R
2 = 0.5, field 5: R2 = 0.76, field 8: R2 = 0.24) and TP 
(field 2: R2 = 0.53, field 5: R2 = 0.59, field 8: R2 = 0.84), but no variation in TC 
concentrations. Total storm event discharge explained a large amount of 
variation in event loads for SS, TP and TC, but only very small amounts or no 
variation at all for TONN (Figure 5.4). Storm event analysis could not be split 
into events with dry or wet antecedent soil conditions, because almost all events 
monitored for water chemistry occurred when soil conditions were wet.  
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 This study is one of the few studies to combine discharge and pollutant 
concentrations of SS, TONN and TP monitored at synchronous high-resolution 
time-steps. Such high-frequency monitoring showed very close coupling of 
hydrological, sediment and macronutrient dynamics. SS, TONN, TC and TP 
showed different behaviours throughout hydrological events. Sedigraphs, TONN 
and TP chemographs showed a consistent response in relation to the 
hydrograph in all hydrological events (unimodal, bimodal and multimodal) 
(Figure 5.5). The consistent response of SS, TP and TONN throughout baseflow 
and stormflow (up to a total of 42 storm events monitored in one field for one 
pollutant) throughout the entire year could not have been detected without such 
high resolution monitoring (Cassidy & Jordan, 2011). TC dynamics are less 
understood because of lower frequency monitoring, highlighting the loss of 
information that occurs at low sampling frequencies (Kirchner et al., 2004). 
     
     The sedigraph peak(s) generally preceded the hydrograph peak(s), following 
a clockwise hysteresis pattern (Figure 5.5). Clockwise hysteresis in SS has 
previously been reported in field to small catchment-scale studies in temperate 
grasslands (Granger et al., 2010) as well as large-scale catchments (Asselman, 
1999). Clockwise hysteresis indicates that it takes less time to mobilize, 
transport and deliver SS to the flumes than the time to generate peak discharge 
(Klein, 1984). Mobilization, transport and delivery may take less time because 
a) sediment particles may have been deposited in or near the drains at the end 
of the last hydrological event or from periods of high flows in the same event 
and can therefore be delivered to the flumes before peak discharge has been 
generated (Klein, 1984), or b) sediment particles may be easily mobilized even 
by lower energy flows at the beginning of hydrological events, because grazing 
livestock can impact soil structure so that resistance of sediment particles to 
mobilization is reduced (Bilotta et al., 2008), or a combination of both. 
Therefore, there is an influence of processes that occurred previous to the 
current storm event, which explains why peak flow was not well correlation with 
peak SS concentration (Granger et al., 2010). The fine-scale dynamics of 
hysteresis, with the SS peak often only preceding the hydrograph peak by 15 
minutes may not have been shown without such high resolution monitoring 
(Kirchner et al., 2004; Jordan et al., 2005). 
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     The TP peak either coincided with the SS peak, occurred between the SS 
and the hydrograph peaks, or coincided with the hydrograph peak, leading to 
clockwise hysteresis or no hysteresis (Figure 5.5). After the initial TP peak, 
concentrations dropped rapidly, but not as rapidly as the concentration drops 
observed for SS. Throughout the entire time series, SS explained significant 
amounts of TP (62 – 72 %). Higher TP concentrations during hydrological 
events as opposed to base flow indicates TP sources are mobilized by 
hydrological transfer from flashy, or fast response runoff (Haygarth et al., 1998). 
Clockwise hysteresis for P has been shown before for TP as well as PP and 
SRP in agricultural catchments (House & Warwick, 1998; Bowes et al., 2005). 
The proportion of PP and SRP in TP could not be inferred from the data in this 
study. Total  and SS concentration peaks often coincided and a control of SS 
over TP was confirmed by significant correlation throughout the entire time 
series, but SRP is still likely to play a role in TP losses, as TP storm 
concentrations after the first peak (likely to be driven by SS associated P) were 
still elevated compared to baseflow concentrations. In addition, the proportion of 
TP and SRP is likely to change both spatially and temporally throughout events 
and between events (Granger et al., 2010). Total P accumulates at the soil 
surface either adsorbed to sediment particles or stored in dissolved form in the 
soil water in the topsoil layer. Total P in both particulate or dissolved forms can 
then be mobilized by rainwater either through physical mobilization of sediment 
particles, desorption of P from particles or dissolved P enriched interflow 
transported through macropores; explaining the likely contribution of SRP and 
PP to overall TP losses. 
     Total oxidized N decreased as discharge increased and increased again 
towards the end of the event; TONN concentrations often fell below the limits of 
analytical quantification within events (< 0.1 mg TONN L
1) (Figure 5.5). The 
reduction of TONN throughout hydrological events with discharge indicates a 
dilution of TONN by flow. Such N dilution by rainwater has been reported 
elsewhere for both components of TONN : nitrate (NO3
-) (Gächter et al., 2004; 
Granger et al., 2010) and nitrite (NO2
-) (Granger et al., 2010). Both nitrate and 
nitrite are formed and held within the soil and are mobilized from soil water by 
diffusion to water moving through the soil system (Gächter et al., 2004). When 
water moves rapidly over the soil surface or through the soil macro pores, it has 
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limited opportunities for diffusion (Granger et al., 2010). When rainwater moves 
slowly throughout the soil profile, diffusion potential is high and therefore high 
and relatively stable TONN concentrations emanate as baseflow. However, note 
that TONN can show a different response to discharge shortly after fertilizer N 
was applied (Granger et al., 2010). 
     The TC chemograph varied between storm events, but often TC 
concentrations decreased slightly as discharge increased and TC 
concentrations showed a peak prior to the peak discharge, often coinciding with 
the SS peak (Figure 5.5). TC concentrations in all fields were higher during the 
summer and reduced throughout the winter. The TC dataset is more uncertain 
because it had larger data gaps than the other pollutants monitored. Most 
importantly, if TC data were missing at the start and the end of an event, little 
indication was given about between-event concentrations. Therefore, less 
understanding of TC dynamics can be inferred compared to the other pollutant 
dynamics, highlighting the advantages of high-frequency monitoring. Erosion 
associated C losses,  are likely to play an important role in overall C losses with 
TC peaks often coinciding with SS peaks and concentrations being overall 
higher than in studies on analogous grasslands measuring only DOC (Sandford 
et al., 2013). However, SS did not explain any variation in TC concentrations 
throughout the year, which may be attributed to the reduction of TC 
concentrations from summer to winter. This reduction of TC concentrations from 
summer to winter may be explained by several factors: a) enhanced organic 
matter decomposition during summer followed by a flushing of C upon 
rewetting, b) enhanced C inputs by grazing animals and manure additions 
during the summer, c) higher temperatures and or d) enchytraeid worms 
influencing microbial activity by soil aeration (Evans et al., 2005). 
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C. How does the relative importance of diffuse pollutants change from 
intensively managed grasslands through flow conditions and time? 
 
The contribution of each pollutant to the overall pollution yields were in the order of 
SS (61 – 71 %) > TC (29 - 39 %) > TONN (0.3 - 0.5 %) > TP (0.13 - 0.14 %) (Table 
5.5). Annual yield macronutrient ratios ranged from TC:TONN = 60 - 109, TC:TP = 
206 - 291 and TONN:TP = 2.27 – 4. 
 
Table 5.5. Percentage of the contribution of each pollutant to the 
overall annual pollutant yield and annual yield macronutrient 
ratios for each field. 
  Field 2 Field 5 Field 8 
Total annual pollutant* yield kg ha
-1
 315.62 624.37 328.94 
% of total annual pollutant yield: 
   SS 60.61 70.7 66.3 
TC 38.72 28.7 33.26 
TONN 0.54 0.48 0.3 
TP 0.13 0.14 0.13 
Macronutrient ratios: 
   
TC:TONN 71.88 59.7 109.4 
TC:TP 290.95 205.86 248.64 
TONN:TP 4.05 3.45 2.27 
* SS, suspended sediment; TC, total carbon, TONN, total oxidized nitrogen-N; 
TP, total phosphorus 
 
     Mean and median pollutant concentrations and ratios in one field (field 2) 
changed considerably when comparing baseflow and stormflow conditions (Table 
5.6). For up to 81 % of the year (if pollutants are assumed to have baseflow 
behaviour during flow rates < 0.2 L s-1 when no discharge water was pumped for 
monitoring) the total pollution concentration (excluding TC) was made up by 
approximately by 10 times as much SS as TONN, approximately 216 times as 
much SS as TP and approximately 23 times as much TONN as TP. During low 
baseflow conditions, for 15 % up to 65 % of the year (if pollutants are assumed to 
have lower baseflow behaviour during flow rates < 0.2 L s-1), discharge water was 
made up by 4 times as much SS as TONN, 150 times as much SS as TP and 
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approximately 32 time as much TONN as TP, because TONN concentrations further 
increased, while SS and TP concentrations further decrease. During storm-flow 
periods (11 % of the year) or high storm-flow periods (2.8 % of the year), SS and 
TP concentrations generally increased, while TONN concentrations decreased. SS 
and TC concentrations were approximately similar with ratios around 1 during 
storm-flow, but almost twice the concentrations of SS as TC during high storm 
flows. SS concentration was approximately 100 and > 230 times that of TONN and 
approximately 380 and 375 times that of TP during storm-flow and high storm-flow 
conditions, respectively. Macronutrient ratios were TC:TONN ≈ 100 and 100 - 888, 
TC:TP ≈ 380 and 190 and TONN:TP ≈ 4 and 0.2 – 2 during storm-flow and high 
storm-flow, respectively. Base and stormflow periods change highly frequency with 
stormflow periods occurring at short but frequent bursts (Figure 5.2). 
 
     Looking at the representative example of the 34-hour high-resolution period, the 
relative contribution of each pollutant towards the overall pollution concentration 
behaved differently with flow, whilst the total pollution concentration increased with 
flow (Figure 5.6). SS generally contributes most to the combined pollution 
concentration of SS + TP + TONN. The contribution of SS was 99.8 % during the 
hydrograph peaks but fell to 80 % throughout the post-storm baseflow period, 
whilst percentage TONN contribution was approximately 14 % at the start of the 
event, dropped down to almost 0.03 % through hydrograph peaks and then 
recovered back to 19 % at the end of the shown period. Despite rising TP 
concentrations with higher flows, the % contribution of TP fell with the hydrographs 
(down to 0.034 %) and was 0.5 % at the start of the storm event and 0.72 % 
towards the end of the time series. 
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Figure 5.6.  Example fine-scale dynamics of multiple pollutants throughout a 34 
hour time series for one field (Field 5). a) Discharge and the total pollution 
concentrations: the sum of TONN, TP and SS pollutant concentrations (line), the 
sum of all pollutants including TC (dots), b-d) SS, TONN and TP concentration 
and their % contribution to the overall pollution concentration (SS+TONN+TP), 
respectively, e) nutrient ratios. SS, TONN and TP were monitored continuously 
at 15 minute steps and TC was analysed at lower resolution by grab samples. 
 
     This is the first study to calculate the proportionate contribution of SS and the 
macronutrients TC, TONN and TP to overall losses in intensively managed 
grasslands. The high annual yield stoichiometric ratios of TC to TONN and TP 
highlight the high TC losses from these grasslands in relation to the other 
macronutrients (Graeber et al., 2012). Total C may be mobilized and transported 
disproportionately to N when compared with the source soil TC:TN ratios. Soil 
TC:TN ratios measured in field 2 one year prior to this study was  9.9 (Chapter 4) 
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and a nearby agricultural catchment had soil TC:TN ratios of 14.21 (Glendell et al., 
2014), both an order of magnitude lower than those found herein in the discharge 
water (TC:TONN = 60 - 100). Therefore, future research should compare soil C:N:P 
ratios with water C:N:P ratios on the Farm Platform. Additionally, future research 
should quantify the proportion of TONN for overall total N in discharge water for 
higher certainty in C:N:P ratio calculations. Measuring TONN and excluding 
ammonium N (NH4
+) and forms of organic N is likely to represent a high proportion 
of the overall N, 84 % as reported for a catchment dominated by both grassland 
and arable land (Stutter et al., 2008), but this needs to be confirmed on the Farm 
Platform. 
     The results presented in this paper show that such high-resolution synchronous 
monitoring of multiple pollutants is required to provide advances in understanding 
pollutant delivery of multiple pollutants with respect to a) the conditions that aquatic 
biota are likely to experience and the impacts these conditions may cause and b) 
to achieve simultaneous pollutant reductions rather than just mitigating individual 
pollutants. 
     a) The fine-scale changes of relative SS, TONN, TP and TC concentrations 
shown here indicate the fine-scale changes of water quality, habitat quality, relative 
nutrient availability and relative occurrence of multiple stressors that aquatic 
organisms in agricultural catchments are likely to be exposed to (Collins et al., 
2011; Thompson et al., 2014). The proportional importance of SS, TP increases 
from baseflow to stormflow while the proportionate importance of TONN falls. 
Whilst up to 81 % of the entire year is dominated by baseflow, stormflow periods 
occurred at frequent, but short bursts; demonstrating the frequently changing 
conditions that aquatic organisms are exposed to. Short-term exposure has been 
reported to impact on aquatic organisms and ecology (Collins et al., 2011; 
Thompson et al., 2014), but research assessing the impact of short-term 
exposures are rare (Collins et al., 2011). Such high resolution, multi-pollutant 
research can provide useful information for receptor-response studies, for example 
periods of exposure and dosages and mixtures of exposure (Thompson et al., 
2014).    
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     b) Concentrations and yields of N seem to already have been reduced in this 
NVZ by the current management compared to previous research conducted on the 
same site (Scholefield et al., 1996), but SS, TP and TC losses are comparable to 
other grassland sites as well as other land uses. Therefore, the relative importance 
of SS, TP and TC has increased with the reduction in TONN. Switches in relative 
importance of pollutants have been demonstrated by N and P switching in their role 
as limiting nutrients in the Gulf of Mexico (Sylvan et al., 2007), showing the need 
for simultaneous reductions of multiple pollutants (Pearl, 2009). Simultaneous 
reduction of diffuse pollution can only be achieved if the impact of agricultural 
management practices on water quality is understood by monitoring relative 
pollutant delivery. 
 
D. How does water quality from intensively managed grasslands 
compare to EU and UK recommended water quality standards? 
 
Guidelines set for SS and DRP were frequently exceeded by the concentrations of 
SS and TP measured in this study (Table 5.7). The high-frequency monitoring, 
including all flow conditions from low to high flows, allowed for accurate and 
precise calculation of water quality guideline exceedance frequencies and the 
timing and duration of exposure (Kirchner et al., 2004; Bilotta et al., 2010; 
Thompson et al., 2014).  
     11.6 - 13.9 % of all SS samples (low and high flows) exceeded the FFD 
guideline of 25 mg L-1. When the SS standard was lowered to 10 mg L-1, 31.4 – 
54.1 % of the SS samples exceeded that standard. This lower 10 mg L-1 is close to 
the water quality guideline set for turbidity in agricultural eco-regions in the USA 
(USEPA, 2000).  If particles < 1.25 µm had been included in the suspended 
sediment measurements, the percentage of all samples exceeding the guideline 
concentrations would have potentially been even higher. SS on a nearby grassland 
site, more intensively managed than the Farm Platform, exceeded the FFD 
guideline for approximately 50 % of the hydrological season (SS > 0.7 µm (Bilotta 
et al., 2010)) and two Irish catchments showed an annual exceedance of 8.3 - 17.8 
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% (Thompson et al., 2014). However, note that the suitability of the blanket 
guideline (across all water bodies in the UK, all seasons) of 25 mg SS L-1 has 
recently been heavily criticised (Bilotta et al., 2012). The high erosion levels from 
these grasslands are likely to contribute significantly to the documented water 
quality issues in the receiving Taw River. Low salmonid fish numbers in the Taw 
are generally attributed to high sedimentation levels and physical degradation of 
spawning gravels by siltation (Haygarth et al., 2005a). 
     Approximately half of all the TP discharge water samples failed to meet what is 
considered as good ecological status (< 0.04 mg SRP L-1) and 4.2 – 18.3 % failed 
to reach moderate ecological quality (< 0.15 SRP mg L-1) (TAG, 2008). Therefore, 
grasslands, which cover 80 % of the Taw River catchment (similar management 
and soil types to the North Wyke Farm Platform) contribute to the documented P 
issue in the Taw river (Haygarth et al., 2005a). Note that TP exceedance of the 
guideline set for soluble reactive P (SRP) may overestimate the true exceedance. 
However, not only SRP is bioavailable in surface waters, but particulate P and 
organic P also have the potential to be recycled within rivers and become bio-
available through time (Darch et al., 2013). Elsewhere, for example in the USA, 
standards are set as TP concentration thresholds; in agriculturally dominated eco-
regions around 0.03 - 0.08 mg TP L-1 (USEPA, 2000), sitting just between the 
values of good and moderate status that TP concentrations in this study were 
compared to. Furthermore, climate change scenarios predict wetter winters and 
drier summers for the UK in the future, which are likely to increase winter discharge 
events and reduce river flow levels during summers (Jordan et al., 2012), both 
factors that already cause high P loadings in the Taw River. 
     TONN concentrations in discharge waters did not exceed the Nitrates Directive 
Nitrate-N guideline of 11.3 mg L-1, which is a positive result, as the entire Taw 
River catchment is designated as a NVZ. However, the fact that TONN levels were 
acceptable under the current guideline does not necessarily mean that these 
grasslands do not pose a threat to surface waters in terms of N: a) Nitrite, even 
though only accounting for a small proportion of TONN (4 % in Granger et al. (2010) 
on a near-by site), is potentially toxic to aquatic fauna even in very low 
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concentrations and impacts on ecosystem health by leading to increased biological 
oxygen demand within surface waters (Lewis & Morris, 1986) and b) there is 
growing evidence that organic N can be rapidly available to plankton and 
microorganisms in estuarine and marine environments (See et al., 2006). 
Therefore, the export of organic N that was not accounted for in this study, may 
have significant impacts on the receiving Taw estuary, already classified as 
eutrophic (Maier et al., 2012).  
     There are no known EU / UK C guidelines in terms of freshwater and marine 
ecosystem health. The TC concentrations from these grasslands may make a 
potentially significant contribution to reducing dissolved oxygen in the water and 
therefore indirectly affecting aquatic fauna and flora (Sandford et al., 2013). 
Excessive biological oxygen demand have been reported for stretches of the Taw 
river (Haygarth et al., 2005a). Such results support the need for explicit guidelines 
for TC in surface waters. 
      The concentrations found in discharge waters in this study were comparable to 
the range of concentrations monitored in the Taw River (weekly measured 
concentrations approx. 400 m downstream from the flume at Field 2: SS: 0 - 31 mg 
L-1 (particle sizes not presented), PP + total dissolved P: < 0.02 - 0.37 mg L-1, NO3 
+ NO2
-= TON: 4 - 10.2 mg L-1, DOC: 1 - 16 mg L-1) (Jarvie et al., 2008). 
Additionally, a study in the Taw catchment estimated that diffuse sources of P 
contributed at least 60 % of the annual P flux of the Taw River (Wood et al., 2005). 
Therefore,  the sediment and macronutrient concentrations seen in the discharge 
waters and yields from these intensively managed grassland fields contribute 
significantly to overall concentrations and yields in the receiving surface water and 
dilution is not likely to be high. 
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Table 5.7. The percentage of all suspended sediment (SS), total P (TP), 
and total oxidized nitrogen-N (TONN) samples exceeding water quality 
guidelines in the discharge water of three improved grassland fields. 
  
Field 
2 
Field 
5 
Field 
8 
SS 
   > FFD (> 25 mg SS L -1) * 11.64 13.9 13.37 
> 10 mg L
-1
 41.88 31.4 54.1 
TP 
   fail ‘good ecological status’ (> 0.04 mg DRP L-1) *1 49.1 52.3 59.27 
fail ‘moderate ecological status’  (> 0.15 mg DRP L
-1
) *
1
 7.11 4.2 18.31 
TONN 
   fail Nitrates Directive (> 11.3 mg NO3
-
-N L
-1
) 0 0 0 
* FFD, EU Freshwater Fisheries Directive. 
   *1 DRP, dissolved reactive phosphorus. 
    
     The high resolution monitoring approach herein has shown quality standard 
exceedances, which regulatory monitoring at considerably coarser resolutions 
(weekly or monthly) may have missed (Kay et al., 2009). Relying on lower 
resolution monitoring for classifying rivers for the WFD may lead to wrong 
classification of water quality status as well as potentially identifying the wrong 
reasons for failure. The data here has highlighted that, if coarse monitoring for 
classification only occurred during low flows, SS and TP issues may not have been 
identified. Identifying the right reason for failure is important in deciding on the best 
mitigation options in the catchment basin management plan for the water 
framework directive. Additionally, only monitoring that can identify whether 
pollutant concentrations fall throughout all flow conditions or only throughout 
certain conditions have the potential to reliably show the effects of mitigation 
measures (Kay et al., 2012). 
     Monitoring pollutant fluxes in discharge generated from fields nested within the 
farm scale provides advantages over interpreting water quality at the outflow of 
large catchments. This study has shown the isolated losses of diffuse pollutants 
mobilized from grassland fields, rather than showing the combined pollution from 
entire catchments. This isolation is important in reliably monitoring the effects of in-
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field management practices, which cannot be disentangled from other pollutant 
sources, such as on-farm sources like farm yards (Bilotta et al., 2010), or off-farm 
sources such as septic tanks (Melland et al., 2012). The usefulness of the field or 
farm scale will become further evident when the effectiveness of future field-based 
management changes will be assessed on the Farm Platform. 
 
V. Conclusion 
 
This study adds to the growing evidence that grasslands have been previously 
underestimated in terms of their erosion rates and TP losses. TONN yields were 
less than those reported in earlier grassland N studies and arable sites, possibly 
due to reduced N inputs as a result of NVZ regulations. TC losses were particularly 
high, adding to the evidence that agricultural catchments and intensively managed 
grasslands in particular can yield high C losses (Question 5.1).  
     Hydrological events were mostly saturation-excess driven in the winter as 
opposed to infiltration-excess driven during the summer. Suspended sediment and 
TP were mobilized and transported by hydrological flushing from the soil surface, 
while TONN was diluted by rainwater, because diffusion from its source (soil water) 
is limited by the rapid rainwater movement. Total carbon showed varied responses 
in hydrological events, with concentrations decreasing from summer to winter. Both 
dissolved and particulate C are likely to contribute to the overall TC concentrations 
and yields (Question 5.2).  
     The relative importance of pollutants varied greatly and changed rapidly through 
flow conditions and time. Total C losses were high in relation to the other 
macronutrients. The relative importance of SS, TP and TC has increased with the 
reduction of TONN (Question 5.3). Suspended sediment and TP concentrations 
frequently exceeded EU water quality guidelines and high TC exports are likely to 
reduce dissolved oxygen in surface waters. Intensively managed grasslands pose 
a significant threat to water quality (Question 5.4).  
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     This study has shown the usefulness of a farm-scale research platform (the 
North Wyke Farm Platform) and has established a baseline understanding of how 
this ecosystem functions in terms of multiple pollutants at management-relevant 
scales. Future work will monitor field to farm-scale perturbations of land 
management in relation to this baseline understanding to understand the effects of 
improved land management on these multiple pollutant losses. The overarching 
aim should be to achieve synchronous reductions in all pollutant losses, which can 
only be monitored by the high-resolution and multi-pollutant approached used in 
this paper. 
 
 
 
This chapter added to the growing evidence that conventional temperate 
intensively managed grasslands contribute significantly to soil erosion and 
agricultural diffuse pollution.  
     Whilst this chapter answered important questions about intensively managed 
grassland fields in general, by treating the three fields as examples for typical 
intensively managed grassland fields, it did not address between-field variation. 
The three fields showed a range of sediment and macronutrient values, which 
raises the question whether the fluxes of these three fields are significantly 
different and if they are different, what may have caused these differences to 
occur. Subsequent questions arise, such as whether the differences may be linked 
to differences in the soil nutrient pools available for mobilization, or different 
potential of mobilization of the pollutants in the three fields. Therefore, between-
field differences in terms of water quality linked with between-field differences in 
soil status were addressed in the next chapter (Chapter 6).  
     The grassland fields that were monitored in this chapter had been managed as 
permanent grasslands for at least 5 years. However, most grasslands are not 
managed as permanent grasslands, but ploughing followed by reseeding is part of 
a normal cycle of managing grassland systems. Therefore, chapter 8 quantified 
sediment and macronutrient losses in recently ploughed and reseeded grasslands.   
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Chapter 6 
 
Quantifying the Field-Scale Variation of Ecosystem Structure 
and Function within an Intensively Managed Grassland 
 
 
I. Abstract 
 
One of the major challenges for agriculture today is to manage soil properties 
and their spatial distribution to optimize productivity and minimize environmental 
impacts, such as diffuse pollution. 
    Three conventionally managed grassland fields with uniform short-term 
management, but with differences in long-term management history, were 
studied to understand spatial variation of soil properties and the quality of 
discharge water and to establish a robust baseline understanding of this agro-
ecosystem’s functioning prior to implementing different grassland management 
scenarios. Geostatistical sampling pattern and analysis was used to quantify 
soil spatial variation. Soil status was linked to discharge water quality data from 
each field in terms of the macronutrients total carbon (TC), total nitrogen in the 
soil (TN) and total oxidized nitrogen-N in the water (TONN) nitrogen, and total 
phosphorus (TP). 
    Despite having the same land use and uniform management for at least 6 
years, the sampled fields functioned differently; they were different in mean soil 
properties and their distributions, and different in terms of water quality. 
Therefore, agricultural fields with different management histories but the same 
land use cannot be assumed to be similar and it is essential to characterize a 
baseline to which future effects of mitigation measures can be compared to. Soil 
and water quality benefits may be gained by recognizing the distribution of soil 
properties within fields. The mobilization of total oxidised nitrogen-N and total 
phosphorus from soil sources to water could be explained well, but more 
research is required to understand total carbon mobilization processes. Total 
carbon was mobilized disproportionately from the soil total carbon pool.      
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     Future effects of planned grassland management scenarios on the Farm 
Platform can be analysed reliably as changes from the baseline reported in this 
study. 
 
II. Introduction 
 
Agricultural practices inevitably affect the physical properties of the soil and 
nutrient contents to optimize crop production. Those altered soil properties 
subsequently affect ecosystem services, such as nutrient sources, their 
mobilization and delivery to surface waters. Latest estimates are that agriculture 
contributes 81 % of the overall N and 47 % of the overall P pollution in England 
and Wales (Zhang et al., 2014); there are no published estimates of the C 
contribution from agriculture to overall carbon loads. Many mitigation measures 
have been implemented in the past two decades, most of which aim to improve 
in soil quality and minimize the mobilization of nutrients from agricultural land. 
The effectiveness of those measures have not (yet) become evident (Johnson & 
Lord, 2011; van Grinsven et al., 2012).  
     Effectiveness of mitigation measures might not be detectable (yet), because 
the legacy of intensive agricultural management takes time to take effect on 
soils and again time to take effect on water quality (Burt et al., 2011; Horrocks 
et al., 2014). Therefore, soil status and water quality of surface waters today to 
some extent reflect past management rather than current management (Burt et 
al., 2011). Disentangling the interplay between short and long-term 
management is crucial to fully understand relationships between management 
and soil and water quality (Burt et al., 2011). 
     Improvements in soil quality (reduction of excess soil nutrients) and 
improvements in water quality (reductions of nutrient concentrations and 
loadings) are often evaluated separately, even though both operate on a 
continuum from soil to water (Haygarth et al., 2005). Therefore, effects of 
management should be studied through the entire source-mobilization-delivery 
continuum, to identify the continuum components that have improved and those 
that need further improvement (Wall et al., 2011). For example, Johnson & Lord 
(2011) found a reduction in soil nutrient surpluses in grasslands, but no overall 
reduction in surface water nutrient concentrations, showing that potential 
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nutrient sources may have reduced, but their mobilization rates need further 
mitigation efforts.  
       Detecting an improvement in soil and water quality by mitigation or 
management change is often limited by poor understanding of the conventional 
management, to which post-mitigation data can be compared. Before any new 
management practice can be quantified, a baseline understanding or 
characterization of the ‘status quo’ of the conventional management in both soil 
properties and resulting water quality is therefore essential (Breuer et al., 2006). 
Many water quality studies use paired catchment studies involving a baseline 
characterization (Schilling et al., 2013). However, soil studies often compare soil 
properties between sites with different management histories without baseline 
characterization and rely on the fundamental assumption that the sites were 
similar in terms of soil properties prior to land-use change (Breuer et al., 2006). 
Wrong inferences may be made about management effects without analyzing 
management effects relative to baseline conditions. Additionally, monitoring 
before the change in management and long-term monitoring afterwards should 
enable us to judge how long it takes for the management to take effect (Wall et 
al., 2011). 
      It is not just the average soil conditions in a field that might change as a 
result of management, but also the spatial distribution of soil properties. Spatial 
variation exists in agricultural fields (McCormick et al., 2009; Chapter 4), despite 
the homogenization effect of agricultural management via uniform fertilizer 
applications, uniform vegetation cover and uniform soil physical management 
(Glendell et al., 2014). This spatial variation needs to be quantified both 
between and within agricultural fields so that any alteration in either the overall 
mean or in the patterns of soil properties can be attributed to changes in 
management (Li et al., 2010; Glendell et al., 2014). Consequently, it is 
necessary to adopt a spatial sampling strategy to quantify the spatial distribution 
of soil properties. 
     Soil improvement and water quality mitigation measures are generally 
implemented on individual farms, whereby the farmer decides on field-specific 
management. Because the field- to farm-scale is the scale at which 
management decisions are made and at which policies are targeted, farm-scale 
experiments have been set up to investigate these matters; to provide novel 
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insight into management effects on the continuum of fine-scale soil processes 
up to the arrival of pollutants in surface waters. 
     In light of these research needs, this is a spatially explicit study of soil 
properties and resultant water quality across a conventionally managed 
grassland farm-scale experiment in the UK: the North Wyke Farm Platform. 
Grassland fields with uniform short-term management, but differences in long-
term management history were sampled to address the following questions: 
 
Question 6.1 Does within and between-field variation of soil properties exist in 
intensively managed grassland fields? 
Question 6.2 Can between-field differences in water quality be explained by 
between-field differences in soil properties and between-field differences in site 
characteristics? 
Question 6.3 Does soil and water quality monitoring before management 
change provide a robust baseline for future comparisons, and are the sampled 
fields suitable for a paired catchment approach? 
 
 
III. Methods 
 
A. Field site 
 
Sampling was conducted on the Rothamsted Research North Wyke Farm 
Platform in south-west England (Figure 6.1a) between April 2012 and April 
2013. The Farm Platform consists of 15 fields, subdivided into three, equal-
sized farmlets, which were under the same management during the sampling 
period, but which will be subjected to different management in the future. Each 
Farm Platform field is hydrologically isolated so that the water leaving the field 
by subsurface and surface flow is channelled via French drains into flumes, 
where both water quantity and quality are monitored. 
     The three largest fields (approx. 6.5 - 7.5 ha) in each farmlet were chosen for 
this study, Field 2: Great Field, Field 5: Orchard Dean and Field 8: Higher and 
Middle Wyke Moor (Figure 6.1b - d). Field characteristics such as soil types, 
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topography and management are presented in figure 6.1b - d and table 6.1. The 
soil types are the most common hydrological soil types in England and Wales, 
covering approximately 13.9 % of the land area (Boorman et al., 1995; Bilotta et 
al., 2008). The soils are slowly permeable and often waterlogged, creating 
saturation-excess overland flow (Harrod & Hogan, 2008). Waterlogging occurs 
mostly between October and March, when a large proportion of the annual 
rainfall occurs (Harrod & Hogan, 2008). The long-term (40-year) mean annual 
rainfall (1045 mm) and temperature (9.6 °C) are typical of many of the 
intensively managed grassland areas in the UK. 
     Land management over the last 30 years was permanent pasture in field 5, 
the northern part of field 2 and the eastern part of field 8, whereas the southern 
part of field 2 was ploughed and reseeded to grass after cultivation for barley in 
2007 and the eastern part of field 8 was ploughed and reseeded in 1993. The 
management for the past 6 years was uniform for the three fields. They were 
managed conventionally for intensive cattle and sheep production, involving 
grazing or grass cutting for silage. Inorganic fertilizer and manure were applied 
in accordance with the Code of Good Agricultural Practice (DEFRA, 2010) and 
the Nitrate Vulnerable Zone guidelines (DEFRA, 2008) and can therefore be 
considered to represent a standard management practice. Inorganic fertilizer 
and manure inputs for each field are listed in table 6.1. In 2011, the fields were 
used for silage, followed by grazing by cattle and sheep. In 2012 they were 
mainly used for cattle and sheep grazing, but the animals were taken off the 
fields early because soil conditions were too wet.  
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Table 6.1. Detailed physical site characteristics, short-term inorganic fertilizer 
and FYM *1 inputs, and long-term ploughing history for each sampled field. 
Site characteristic Field 2 Field 5 Field 8 
Catchment Size (ha) 6.71 6.59 7.59 
Mean slope ± stdev. 
(%) 6.11 ± 1.56 11.79 ± 3.1 6.86 ± 1.59 
Slope Range (%) 0.98 - 9.81 5.26 - 20.89 3.52 - 13.37 
Soil Types and 
Coverage * 
Halstow (68%) 
Halstow (84.5%)     
Hallsworth (15.5%) 
Hallsworth (84.7%)       
Halstow (5.4%) Denbigh (18%) 
Hallsworth (14%) 
Inorganic Fertilizer 
Input                        
(2011-2012) 
284 kg N ha
-1                                         
32 kg P ha
-1
 
284 kg N ha
-1                                      
32 kg P ha
-1
 
304 kg N ha
-1                                         
32 kg P ha
-1
 
FYM *
1
 Inputs (2011-
2012) 
176 t 176 t eastern part:  0                
western part: 39.2 t 
Ploughing History 
northern part: 
permanent grassland 
for ≈ 30 years          
permanent 
grassland for ≈30 
years 
eastern part:  
ploughing: 1993 
      southern part: 
ploughed in 2007 
western part: 
permanent grassland 
for ≈30 years 
* (Avery, 1980) 
*
1 
FYM,
 
Farmyard manure 
 
 
B. Soil sampling and statistical analysis 
 
The soil was sampled in June 2012. Soil bulk density (BD), soil organic matter 
(SOM), total carbon (TC), total nitrogen (TN) and total phosphorus (TP) were 
measured. 
     In total 252 soil samples were taken, 84 in each field. All measurements 
were taken with cores from 0 - 10 cm soil depth, the soil layer that comprises 
most of the soil-plant-water processes. Sample preparation and analysis except 
TP followed the methods described in Chapter 4. Total P was determined by a 
sulphuric acid extraction method on finely ground samples (Saunders & 
Williams, 1955). In all analyses, assured quality control standards were used to 
ensure analytical quality. The ratios TC:TN, TC:TP and TN:TP were calculated 
for each field. 
     To address question 6.1, whether within and between-field variation of soil 
properties exist, a nested geostatistical sampling pattern was chosen for each 
field, which captures short-range and large-range variation. A 25 x 25 m grid 
was supplemented with extra points: 12 broader scale 75 x 75 m points and 3 
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sets of small-scale 10 x 10 m samples (Figure 1 b-d). All geostatistcial analyses 
were done with GenStat 16th edition (VSN International, Hemel Hempstead, 
UK). The dataset was characterized by testing for normal distribution, 
calculating the skewness coefficient and detecting outliers. Trend analysis was 
conducted by fitting linear and quadratic surfaces (Oliver & Webster, 2014). A 
trend is a gradual variation in space and conflicts with the basic assumption of 
randomness. Experimental variograms were fitted by Matheron’s method of 
moments and the variograms with the smallest mean square error were chosen 
(Oliver & Webster, 2014). For datasets with underlying trends, the variograms of 
the residuals of the fitted trend surface were tested for spatial structure, both in 
separate steps as well as by combining both steps by residual maximum 
likelihood (REML) (Oliver & Webster, 2014). Kriging was conducted to visualize 
spatial distribution of soil properties. Values were predicted for 5 x 5 m blocks in 
each field. The neighbourhood settings recommended by Oliver & Webster 
(2014) were used. Cross validation was conducted to validate kriging 
predictions and variogram model fit (Oliver & Webster, 2014). Kriged estimates 
were imported into ArcGIS 10 (ESRI, Redlands, CA, USA). To visualise soil 
properties with underlying trends and no remaining spatial structure of the 
residuals after fitting the trend, inverse distance weighing was used in ArcGIS. 
A trend surface would show a gradual increase or decrease of values with the 
direction of the trend and may be most closely fitting model to describe the 
distribution of soil properties in fields with underlying trends, but a surface 
prediction that very closely resembles the raw data was chosen as the aim was 
to map the distribution of soil properties as realistically as possible. To keep the 
displays on the surface map as close to the raw data as possible, a maximum of 
4 neighbours was used to fill the areas between points. The individual prediction 
maps for each field were combined to use the same colour classification by 
using the mosaic tool in ArcGIS 10.  
     To assess between-field variation, boxplots were used and two-sample t-
tests in GenStat 16th edition (VSN International, Hemel Hempstead, UK). To 
identify possible underlying mechanisms causing within-field variation, a) the 
strength of correlation between individual soils properties were tested by 
Pearson’s correlation coefficients, b) visually similar patterns of distribution were 
identified on the surface prediction maps, and c) known physical site 
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characteristics (e.g. topography) and present and past management records 
were consulted to interpret the effects of land management on soil properties 
(Oliver & Webster, 2014). 
 
 
C. Hydrology and water quality monitoring 
 
To address question 6.2, whether between-field differences in water quality 
can be explained by between-field differences in soil properties and between-
field differences in site characteristics, monitoring was conducted between June 
2013 and April 2014. In summary, hydrology (rainfall and discharge) and the 
water quality parameters total carbon (TC), total oxidized nitrogen-N (TONN), 
total phosphorus (TP) and suspended sediment (SS) were monitored by 
automated, semi-automated and manual methods. Griffith et al. (2013) describe 
the instrumentation of the Farm Platform and Chapter 5 describes the specific 
instrumentation, methodology, data management and quality assurance. 
     To test for between-field differences in hydrology and water quality, crude 
two-sample t-tests were used in GenStat, following the work of (Schilling et al., 
2013). It is difficult to test for differences between the fields, because the data 
was not sampled at random, but systematically. However, using t-tests on time 
series is common practice in the literature (Schilling et al., 2013). To put 
pollutant losses in the context of potential causal mechanisms, between-field 
differences in pollutant losses were explored in relation to hypothesized causal 
factors, such as between-field differences in soil properties and field 
characteristics, such as topography. 
     To address question 6.3 a), whether soil and water quality monitoring before 
management change provides a robust baseline for future comparisons, results 
of question 6.1 and 6.2 were used. To address question 6.3 b), whether the 
sampled fields are suitable for a paired catchment approach, the future control 
catchment (field 5) was paired with the future treatment catchments 2 and 8. 
Then, linear regression was conducted for discharge and like pollutant 
concentrations between the paired catchments, a common practice in paired 
catchment studies (King et al., 2008). Correlations are conducted to show 
whether the fields / catchments respond to rainfall in similar ways in terms of 
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flow and pollutant concentrations, which is an important prerequisite that needs 
to be met in paired field / catchment studies (King et al., 2008; Schilling et al., 
2013). 
 
IV. Results  
 
A. Does within and between-field variation of soil properties exist in 
intensively managed grassland fields? 
 
Significant spatial variation was detected both between and within the sampled 
fields. Mean soil properties were significantly different between the fields (Table 
6.2 and boxplots in Figure 6.4). Field 8 had the lowest bulk density (0.8 g cm-3), 
followed by field 2 (0.9 g cm-3) and field 5 with the highest bulk density (1 g cm-
3). SOM, TC and TN concentrations were least in field 2, intermediate in field 8, 
and largest in field 5 (TC storage in field 2: 31.6 t ha-1 < field 8: 33.6 t ha-1 < field 
5: 47.6 t ha-1). Total phosphorus content was also largest in field 5, followed by 
field 2 and least in field 8. TC:TN and TC:TP ratio were smallest in Field 5, 
intermediate in Field 2 and largest in Field 8, ranging between 8.3 and 8.8 and 
33.3 and 36.6, respectively. TN:TP ratio was smallest in field 2 and highest in 
field 8. 
 
Table 6.2. Summary of the mean and standard deviation (Stdev) values of the 
measured properties for the three grassland sampling fields. Statistical 
differences between the fields are indicated by different letters (a,b,c). 
Measured soil property *   
Field 2   Field 5   Field 8 
  Mean ± Stdev    Mean ± Stdev    Mean ± Stdev  
BD (g cm
-3
) 
 
0.9 ± 0.1 a 
 
1 ± 0.1 b 
 
0.8 ± 0.1 c 
Total C (g kg
-1
) 
 
35.9 ± 6.4 a 
 
49.8 ± 6.4 b 
 
42.2 ± 6.1 c 
Total N (g kg
-1
) 
 
4.3 ± 0.7 a 
 
6 ± 0.7 b 
 
4.8 ± 0.7 c 
Total P (g kg
-1
) 
 
1.3 ± 0.3 a 
 
1.5 ± 0.2 b 
 
1.2 ± 0.2 c 
SOM (g kg
-1
) 
 
88.8 ± 18.4 a 
 
118.2 ± 12.3 b 
 
101.1 ± 10.4 c 
TC:TN 
 
8.6 ± 0.9 a 
 
8.3 ± 0.6 b 
 
8.8 ± 0.6 c 
TC:TP 
 
34.9 ± 6.0 a 
 
33.3 ±  3.3 b 
 
36.6 ± 5.8 c 
TN:TP   3.2 ± 0.7 a   4.0 ± 0.4 b   4.2 ± 0.6 b 
* BD, Bulk density; SOM, Soil organic matter 
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     Within-field variation of soil properties occurred over distances of 41.9 m 
(SOM) to 129.2 m (TP) in field 5, and over distances of 93.7 m (BD) to 173.7 m 
(SOM) in Field 8 (Table 6.3). Spherical variograms were fitted to the data of 
field 5 and 8, because they had no underlying trends. A significant quadratic 
south-north trend was detected in field 2 for each soil property, explaining 
between 8.6 - 62.8 % of the variation (Table 6.4). There was no spatial structure 
left in the residuals after the trend fitting and REML was not conducted. 
Therefore, soil prediction maps for field 2 were established by inverse distance 
weighting (Figure 6.2). 
 
 
 
Table 6.4. Results of quadratic surfaces 
for field 2. There was no spatial structure 
left in the residuals. 
Field Variable * 
% variance explained 
by fitted trend 
2 BD (g cm
-3
) 30.3 
2 SOM (g kg
-1
) 34.1 
2 Total C (g kg
-1
) 62.8 
2 Total N (g kg
-1
) 50 
2 Total P (g kg
-1
) 36.3 
* BD, Bulk density; SOM, Soil organic matter 
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Figure 6.2. Total carbon raw data in field 2 (a) and surface prediction map by 
inverse distance weighting (b). The inverse distance weighting map very closely 
resembles the raw data, because only 4 neighbours were chosen to make the 
predictions.  
 
 
    The surface maps (Figure 6.4) show different distributions of soil properties 
within the individual fields, across the extent of the sampling (Figure 6.5) and 
display the significant differences between the three fields. Those soil properties 
that show similar distributions across the fields were often correlated (Table 
6.5).  
     The north-south trend is evident in the map of field 2. The northern part of 
the field contained more SOM, TC and TN and has a smaller BD than the 
southern part. The north-south pattern was not evident in TP concentrations 
and TP was not correlated with the other soil properties (except TN), but 
showed large concentrations in the north and the far south with smaller 
concentrations in between. The northern-part is lower than the southern part 
and elevation was positively correlated with BD and negatively correlated to 
SOM, TC and TN.  
     Field 5 contained a uniform distribution of SOM, TC, TN and TP across the 
field, confirmed by significant positive correlations between those soil 
properties. The centre up to the north-east of the field had slightly higher BD, 
SOM, TC, TN and TP concentrations. Elevation was not correlated with any 
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soils properties apart from TC (negatively) and no visible pattern was detectable 
with slope gradient. 
     Field 8 showed a somewhat different pattern between the fenced-off eastern 
and western parts of the field with larger SOM, TC, TN and TP concentrations in 
the eastern part; most of these soil properties were correlated (Table 6.5). The 
eastern part of field 8 is lower, and elevation was correlated with SOM, TC and 
TN. There was a patch of larger BD around the fence than in the rest of the 
field.  
 
 
 
Figure 6.4. Mean prediction error for predicting total carbon by kriging for a) field 
5 and b) field 8. The error is smallest when the sampling is most dense. 
Therefore, only prediction surfaces covering the extent of the sampling area are 
shown in Figure 6.3. 
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Figure 6.3. Surface prediction maps by inverse distance weighting for field 2 (left) and by kriging 
for soil properties in field 5 (middle) and field 8 (right), apart from total P in field 8 (inverse distance 
weighting). Boxplots are showing the significant between-field differences in means of each soil 
property. Only predictions within the area of the sampling extent are shown. The old dividing field 
boundary is shown (pre 2010) is shown in field 2, dividing the northern and southern part, affecting 
distribution patterns of soil properties. The fence between the eastern and western part in field 8 is 
shown. The boxes visualize the lower to the upper quartile, the line the median and the upper 
whisker the upper quartile + 1.5 * the interquartile range and the lower whisker the lower quartile – 
1.5 * the interquartile range. Dots visualize the 5 th and 95th percentile. Significant differences 
between boxes are shown by different letters (a,b,c), determined by two-sample t-tests. 
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Table 6.5. Correlation coefficient between the 
measured soil properties and elevation within each 
sampling field. Only significant (P < 0.5) coefficients 
are presented. 
Field 2 BD SOM Total C Total N Total P 
SOM -0.43         
Total C -0.49 0.78       
Total N -0.36 0.70 0.86     
Total P 
   
0.28   
Elevation 0.44 -0.45 -0.42 -0.25 0.38 
      Field 5 BD SOM Total C Total N Total P 
SOM 
 
        
Total C 
 
0.64       
Total N -0.26 0.56 0.79     
Total P -0.26 0.45 0.72 0.66   
Elevation 
  
-0.36 
  
      Field 8 BD SOM Total C Total N Total P 
SOM 0.32         
Total C 
 
0.64       
Total N 
 
0.54 0.87     
Total P 
 
0.45 0.47 0.52   
Elevation   -0.24 -0.40 -0.38   
 
 
B. Can between-field differences in water quality be explained by 
between-field differences in soil properties and between-field 
differences in site characteristics? 
 
There were significant differences between the three fields in terms of mean 
discharge, mean pollutant concentrations and mean loads, despite large 
variation (Table 6.6). The relationships of between-field differences in soil 
properties and differences in water quality properties were not linear across the 
three fields.  
     Mean discharge was in the order of field 2 < 5 < 8, but when expressed as a 
runoff coefficient, the order was field 2 (41 %) < field 8 (46 %) < field 5 (54 %), 
because the runoff coefficient accounts for the larger volume of rain on the 
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larger catchment area of field 8. The order of the fields in terms of runoff 
coefficients also reflects the mean slope and slope range of the fields, as a 
proxy for the efficiency of field drainage (Table 6.1). Field 5, with the largest 
runoff coefficients, highest slope and significantly largest soil nutrient contents 
and storages (Table 6.2) had lo mean nutrient concentrations and loads in its 
discharge water, with mean concentrations of TONN = 1.17 mg L
-1, TP = 55.28 
μg L-1, TC = 25.76 mg L-1. Total P, TC and TONN fields’ mean nutrient losses 
did not reflect their relative soil nutrient contents and storages for field 2 and 8. 
Field 8 with smaller soil TP than field 2 had larger losses of P in its discharge 
water. Field 2 with the smallest soil TC and TN, has significantly larger mean 
TC and TONN concentrations (23.65 mg L
-1, 0.88 mg L-1, respectively) in the 
water leaving the field, whereas field 8 with larger TC and TN soil contents lost 
less TC and TONN in the water (27.77 mg L
-1, 0.45 mg L-1, respectively). 
TC:TONN (60-109) and TC:TP ratios (206-291) in the discharge water were an 
order of magnitude larger than in the soil (TC:TN ≈ 8.5, TC:TP ≈ 34.5), whereas 
water TONN:P ratios (3 - 4) and soil TN:TP ratios (3 - 4) were similar. 
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C. Does soil and water quality monitoring before management 
change provide a robust baseline for future comparisons, and 
are the sampled fields suitable for a paired catchment 
approach? 
 
Results of question 6.1 and 6.2 characterized the soil and water baseline. The 
paired future control and treatment catchments were strongly correlated in 
terms of rainfall (r2 = 0.8) and discharge (r2 = 0.9) and moderately correlated for 
water quality parameters (r2 = 0.46 to 0.69) (Table 6.7).  
 
Table 6.7. Coefficients of determination for each water quality 
variable between the selected control field (Field 5) and the two 
future treatment fields (Field 2 and Field 8). 
  Field 5 vs Field 2 Field 5 vs Field 8 
Precipitation r
2 
= 0.68, N = 35713 r
2
 = 0.69, N = 35713 
Discharge r
2
 = 0.89, N = 35713 r
2
 = 0.9, N = 35713 
Suspended Sediment r
2 
= 0.79, N = 8178 r
2
 = 0.82, N = 7964 
Total oxidised Nitrogen-N r
2
 = 0.68, N = 11045 r
2
 = 0.33, N = 10988 
Total Phosphorus r
2
 = 0.62, N = 1886 r
2
 = 0.44, N = 2026 
Total Carbon r
2
 = 0.65, N = 59 r
2
 = 0.55, N = 85 
 
 
V. Discussion 
 
A. Does within and between-field variation of soil properties exist in 
intensively managed grassland fields? 
 
The fields were significantly different in terms of soil physical properties and 
nutrient contents, despite having been managed uniformly for at least 6 years. 
Long-term management differences, such as different ploughing management, 
rather than short-term management may be identified as causal mechanisms 
for the differences between the fields.  
     The soil in the field with the longest time since last ploughing (field 5: at least 
30 years) contained most SOM, TC and TN. The field with the intermediate time 
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since last ploughing (field 8: western part not ploughed for at least 30 years, 
eastern part ploughed in 1993) had intermediate SOM, TC and TN contents, 
and the soil in the field with the most recent ploughing (field 2: ploughed in 
2007) had the least SOM, TC and TN. Ploughing reduces SOM, TC and TN in 
the soils by breaking soil aggregates, mixing the topsoil with deeper soil layers 
and thereby increasing soil aeration, exposing previously protected SOM to 
mineralisation and increasing SOM decomposition and microbial turnover. In 
contrast, SOM, TC and TP accumulate in the topsoil of permanent grasslands, 
because fertilizer and manure applications and direct applications of manures 
by grazing livestock are made to the soil surface and not mixed with deeper soil 
layers.  
     Agricultural fields with different management histories (more than 6 years 
ago), but the overall same land-use cannot be assumed to be similar in their 
mean soil properties. Therefore, long-term management history always has to 
be included when interpreting soil data. 
 
     The fields were not only significantly different in the means of soil properties, 
but also had different within-field spatial variation and different distribution of soil 
properties. Again, within-field patterns may be affected by different 
management histories for different areas within fields, but may also be affected 
by topography and resulting water movement or impacts of grazing animals. 
     The significant north-south trend in all soil properties in field 2 reflect several 
influences: different past management in the two field areas (ploughing in the 
southern part versus permanent grassland in the north, which previously was 
part of a neighbouring field), topography and resultant water movement down 
slope towards the south with possible re-deposition of nutrients. These patterns 
have remained stable since the previous year. Chapter 4 discussed the 
potential causal mechanisms of the distribution of soil properties in detail. This 
similarity in the patterns of soil properties and the similar values year-on-year 
illustrates the relative stability of total nutrients and their within-field patterns.  
     One or a combination of the following may be responsible for causing the 
differences between the two parts of the field 8 that are divided by a fence. The 
western part has the more recent ploughing history (last ploughed in 1993), 
whereas the eastern part has not been ploughed for approximately 30 years, 
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which may have resulted in SOM, TC, TN and TP accumulation in the eastern 
part. Different short-term nutrient management (FYM applications in the eastern 
part but not in the western part 2 years prior to sampling) may have increased 
soil SOM, TC, TN and TP contents and storages (Edmaedes, 2003; Dungait et 
al., 2012). Additionally, the direction of water movement through the field and 
consequent soil erosion down the slope, generally from the western to the 
eastern part, may have re-deposited SOM, TC, TN and TP in the eastern part. 
Bulk density showed a different distribution pattern and was not correlated with 
other soil properties except SOM and nutrient storage. Bulk density was largest 
around the fence between the two parts of the field, the area in both parts of the 
fields where cattle mostly congregate (Page et al., 2005). 
     In field 5, either the short-term grazing behaviour of livestock or an 
accumulated effect of longer-term grazing behaviour may have caused the large 
concentrations in the centre-east of the field. The central eastern area with large 
concentrations of SOM, TC, TN and TP and large BD coincided with the area 
where cattle congregate. The large BD may be caused by livestock trampling 
and the large concentrations of nutrients and SOM by manure inputs by the 
grazing livestock (Page et al., 2005; Bilotta, 2008).   
     Such high-resolution geostatistical sampling provides additional information, 
which cannot be detected by studies which only considering central tendencies 
between fields. The differences in central tendencies between the fields would 
not give insight into the field-specific distributions of the soil properties across 
the fields. Most scientific soil surveys sample in a zigzag or w-pattern across a 
field and commercial soil surveys may only take one sample per ha, which 
would have only resulted in 6-7 samples per field (McCormick et al., 2009). The 
UK National Soil Research Institute dataset would have provided 1-3 values per 
field (www.landis.org.uk/soilscapes). Glendell et al. (2014) discuss the 
discrepancies that may occur when comparing detailed soil sampling datasets 
with coarser scale data (UK National Soil Research Institute dataset). They 
found the national dataset to underrepresent the true variation of soil properties 
found by geostatistical sampling and analysis. The discrepancy between the 
spatial variation found herein and the national data set would be even larger 
because this study had a higher sampling resolution (1199 samples km -2) than 
the study by Glendell et al. (2014) (5.18 samples km-2). Therefore, incorporating 
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spatial variation by a detailed geostatistical approach is essential to monitor the 
full effect of agricultural management practices on soil properties reliably. 
 
     To incorporate spatial variation in experimental sampling on the Farm 
Platform, or in agricultural fields in general, optimal sampling strategies should 
sample distances between 20 m and 80 m (approximately half the range 
distances), depending on the soil property of interest. The ranges over which 
spatial variation occurred on the Farm Platform compare to the ranges reported 
for a single field in an earlier Farm Platform publication (Chapter 4), and 
compare to the ranges reported for other intensively managed temperate 
grassland (McCormick et al., 2009) and those reported for arable land (Kerry & 
Oliver, 2011).  
 
B. Can between-field differences in water quality be explained by 
between-field differences in soil properties and between-field 
differences in site characteristics?  
 
The fields were not only significantly different in terms of their mean soil 
properties and their within-field distribution, but were also significantly different 
in their nutrient concentrations, loads and yields in the discharge water (despite 
having had the same management for at least 6 years). Between-field 
differences in soil nutrient sources and between-field differences in their 
mobilization potential are likely to have caused the differences in water nutrient 
concentrations, loads and yields (Wall et al., 2011). Question 6.1 already 
discussed the differences in nutrient sources between fields. Additionally, 
rainwater moved to the flumes faster and in a larger proportion of rainfall in field 
5 < 8 < 2, thereby differently affecting the mobilization of nutrients between the 
fields. The following discusses the source, mobilization and transport 
mechanisms that may be responsible for the differences in nutrient 
concentrations, loads and yields between the fields. Mechanisms of TP and 
TONN transfer can be explained well, as their sources and mobilization 
mechanisms have been extensively studied, but more TC mechanistic research 
is required. 
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     Total P delivery to surface waters is known to depend on a combination of 
different factors: soil TP available for mobilization (Djodjic et al., 2004), 
hydrological TP mobilization potential by either rapid flows that mobilize 
sediment particles with adsorbed TP , desorption of TP from sediment particles 
or transporting dissolved P enriched soil water (McDowell et al., 2001). Soil P is 
generally only viewed as an indicator of potential P source and has to be 
considered in combination with other factors such as topography and 
hydrological connectivity of sources to surface waters (McDowell et al., 2001). 
Total P is known to be preferentially transported during high flows, by 
hydrological mobilization and often in association with soil particles (Bilotta et 
al., 2010; Chapter 5). Slope angle and runoff coefficients can be considered as 
indicators of hydrological P mobilization potential (Page et al., 2005) and 
discharge water SS concentrations and loads represent the potential 
mobilization of P associated with soil particles (Bilotta et al., 2008; Chapter 5).  
Here, all of those factors were greatest in field 5, which also stores the most TP 
in the soil, illustrating the potential of this field to yield larger TP losses. The 
larger TP losses in field 8 than in field 2, even though the order of soil TP 
content was the reverse, may be explained by field 8 having a steeper slope 
angle, higher runoff coefficients and larger SS concentrations than field 2. 
Therefore, the differences in TP losses between the grassland fields may be 
explained by a combination of available soil TP pool, mobilization potential by 
hydrological mobilization and sediment associated P transport.  
     The mode of mobilization of TONN from these grassland soils is thought to 
be by diffusion of TONN from the soil water to the rainwater moving through the 
soil system (Gächter et al., 2004; Granger et al., 2010). The amount of TONN 
delivered to freshwater therefore depends on the available dissolved TONN pool 
in the soil water and the diffusion potential. TONN losses were largest in field 5, 
intermediate in field 2 and smallest in field 8. The total N content that was  
analysed in the soils, containing both organic and inorganic forms of N, does 
not directly reflect the TONN availability in the soil. The soil TN content was in 
the order of field 2 < field 8 < field 5, only reflecting the largest N losses in field 
5, but not the other two fields’ ranking. Rather than comparing soil total N and 
water TONN, most studies compare inorganic N inputs, or the balance between 
N inputs and N uptake by crops, but these relationships are generally poor 
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(Buczko & Kuchenbuch, 2010). Soil TC:TN ratios may be more indicative of the 
actual concentrations of inorganic N in the soil pool. Research conducted in 
forests found that the smaller the C:N ratio is, the faster is the rate of SOM 
turnover, which increases the available nitrate pool in the soil (Mooshammer et 
al., 2012). If this process was true for grasslands, then the available nitrate pool 
would be in the order of field 8 < 2 < 5, the same order as the TONN delivery to 
discharge water. The time since last ploughing may also be an indicator of the 
N pool in the soil occurring as inorganic N, as ploughing increases N 
mineralisation (Bhogal et al., 2000). The more recent ploughing in field 2 
indicates field 2 to have larger concentrations of inorganic N in the soil 
compared to field 8, despite having smaller overall total soil TC. The 
opportunities for TONN diffusion are small in these sloping grasslands. When 
rainfall moves rapidly over the soil surface or through macropores, TONN 
concentrations in water are diluted during high flows (Gächter et al., 2004; 
Granger et al., 2010; Chapter 5). The dilution potential during high flows is in 
the order of field 8 < 5 < 2 (mean discharge) (Gächter et al., 2004; Granger et 
al., 2010; Chapter 5). The combination of potential TONN pool in the soil and 
dilution potential between the fields may explain the between-field differences in 
TONN concentrations in discharge waters. 
     The relationship between available soil TC pool and the amount of TC 
transported to surface waters in agricultural landscapes is not well documented, 
because a) most C studies measure dissolved organic carbon in water (DOC)  
(Worall et al., 2012) rather than total C, thereby ignoring any organic matter 
particles or carbon adsorbed to sediment particles. b) most C studies are 
conducted on peaty or semi-natural catchments and c) most studies that are 
conducted in agricultural catchments do not quantify both soil and water C (for 
example Sandford et al., 2013). Glendell et al. (2014) reported a negative 
correlation between soil C and water total organic C across an agricultural 
catchment and a semi-natural upland catchment in the UK. The agricultural 
catchment had smaller soil TC content and had larger C losses to water than 
the semi-natural upland catchment. The larger TC losses from the agricultural 
catchment were attributed to larger soil erosion-driven particulate organic 
carbon losses. No studies that are comparing soil TC with water TC could be 
found between agricultural catchments / fields. Herein, it is difficult to explain 
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the differences in water TC concentrations and yields between the fields for 
several reasons. a) Water TC was only analysed during storm events and 
therefore, baseflow TC concentrations and behaviour are not understood 
(Chapter 5). The ranked differences in soil TC pools between the fields did not 
reflect the differences in water TC between the fields, apart from field 5 having 
the largest soil TC pool and the largest amounts of TC in the water. Recent 
ploughing history and thereby the likely degree of SOM protection in soil 
aggregates (Liu et al., 2006) may be an explanation for the larger C losses in 
field 2 with the most recent ploughing history and the smallest TC soil content, 
compared to field 8 with larger soil C content but longer time since ploughing, 
but this has not been demonstrated in previous research. The ranked potential 
of mobilizing sediment associated TC between the fields (2 < 8 < 5) did not 
reflect the water TC concentrations or loads (as found in (Quinton et al., 2006; 
Glendell & Brazier, 2014). Higher resolution (temporal) research on TC in 
discharge waters is required, best divided into analysing dissolved and 
particulate C, as the source, mobilization and transport mechanisms of TC in 
agricultural landscapes are not yet fully understood. What can be said here 
though is that, TC was lost disproportionately from the soil carbon pool. C:N and 
C:P ratios in the  water were an order of magnitude larger than in the soils , 
whereas N:P ratios were similar in the soils and in the water.  
 
     The three fields may be considered to be functioning differently. Long-term 
management differences have affected soil properties and altered soil 
processes, such as nutrient cycling within and between the fields. Those 
differences in soil properties and cycling processes and inherent differences in 
site characteristics, such as field topography, have altered nutrient sources and 
their mobilization mechanisms to surface waters in a complex manner, so that 
the fields (possibly even further divided into parts of fields) are now functioning 
differently. 
     Long-term management effects, going back at least 6 years, but possibly up 
to 30 years ago or longer, were still evident in soil properties and resultant water 
quality. Such long response times are known to occur (Burt et al., 2011). Full 
SOM turnover times are estimated to take approximately 36 years (Balesdent et 
al., 1987) and long-term surface nutrient accumulations in grasslands can have 
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a lost-lasting legacy effect on elevated nutrient concentrations in surface waters 
(Schärer et al., 2007). Such long-term effects of management still acting on soil 
properties may indicate how long it can take to see water quality improvements 
after implementing mitigation measures (decades).  
 
     The differences in soil status between the fields, the spatial distribution of 
soil properties within the fields and the differences in resulting water quality 
between fields confirms that intensively managed grassland fields, even on the 
similar soil types, cannot be treated as homogeneous management units. Water 
quality benefits and possibly productivity and economic benefits may be gained 
by considering the patterns of soil nutrients and matching nutrient inputs to the 
heterogeneous nutrient status within individual fields, as with precision farming 
in arable areas. For example, the two parts in field 2 and the fenced-off parts in 
field 8 could be treated as different management units (McCormick et al., 2009). 
 
C. Does soil and water quality monitoring before management 
change provide a robust baseline for future comparisons, and 
are the sampled fields suitable for a paired catchment 
approach? 
 
The soil and water quality monitoring conducted in this chapter a) provide a 
robust baseline for future comparisons and b) were found suitable for future 
paired catchment studies. 
     a) The fact that the fields were significantly different in terms of soil 
characteristics as well as water quality does not make these results unsuitable 
for a robust baseline, but further emphasize the importance of baseline 
characterization. These fields cannot be assumed to have the same land-use, 
which is a fundamental assumption that paired site surveys without baseline 
characterization are based on (Breuer et al., 2006). Therefore, results from such 
paired site surveys have to be analysed carefully (Breuer et al., 2006). The 
characterized differences between fields in this paper will serve as a robust 
baseline, because any future alterations from the relative differences between 
the fields found in this paper may be identified reliably as an effect of 
management change. 
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     b) The fields were found to be suitable for a paired catchment approach. To 
be suitable for a paired catchment approach, fields / catchments do not have to 
have the same soil nutrient contents or pollutant concentrations in discharge 
water, but they have to respond to rainfall in similar ways in terms of discharge 
generation and the behaviour of pollutants with discharge (tested for by linear 
regressions of time-series) (Jokela & Casler, 2011; Schilling et al., 2013). The 
future control field (Field 5) was significantly correlated with the future treatment 
fields (2 and 8) in terms of hydrology and water quality properties throughout 
the entire time series (Schilling et al., 2013). Significant and positive regression 
relationships between the fields suggest that rainfall occurs at the same time 
due to close proximity and the fact that hydrological and water chemical 
responses to rainfall are similar between the fields (Chapter 5).  
     The baseline characterization presented in this paper will allow a robust 
comparison of future soil and water quality to baseline soil and water quality. 
Any alteration in mean soil properties, their spatial variation and distribution 
within fields as well as any change in the components of the soil to water 
source-mobilization-delivery continuum can be identified as future management 
effects with a high degree of confidence (Jokela & Casler, 2011; Wall et al., 
2011; Schilling et al., 2013).  
 
 
VI. Conclusion 
 
The three sampled grassland fields were different in mean soil properties, 
different in spatial variation and the distribution of soil properties within 
(Question 6.1). Those between-field differences in soil nutrient sources, in 
combination with mobilization and transport mechanisms have also caused 
differences in water quality (Question 6.2). They were different despite having 
had the same land-use and uniform management for at least the past 6 years.  
     These findings have important implications for further monitoring of 
management practices on soil and water quality. 
 The fields may be considered as functioning differently. 
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 The differences in soil and water quality between the fields emphasize 
the importance of baseline characterization and paired catchment 
approaches. 
 Agricultural fields with different management histories, but the overall 
same land-use cannot be assumed to be similar in terms of mean soil 
properties or their distribution. Long-term management has to be taken 
into account when interpreting soil data, and the effect of new 
management changes have to be monitored long-term. 
 High resolution soil sampling approaches are essential to reliably monitor 
the full effect of agricultural management practices on soil properties; the 
fine-scale spatial patterns could not have been detected by conventional 
soil sampling strategies. 
 Soil and water quality benefits may be gained by conducting site-specific 
management; taking into account the distribution of soil properties. 
 Carbon is mobilised and delivered to discharge water disproportionately 
to the carbon in the soil. Mobilization and delivery of carbon needs to be 
studied further, at high resolution. 
     The findings in this paper have important implications which are specific to 
long-term Farm Platform experiments. The fields proved suitable for paired 
catchment studies (Question 6.3). Once the planned management scenarios 
are implemented, any change occurring in the soil to water continuum 
components can be identified by before-after comparisons as well as by 
treatment-field and control-field comparisons and can be considered as the 
effect of future management with a high degree of confidence.  
 
 
     This chapter characterized within and between field spatial variation of soil 
properties as well as between field differences in hydrology and water quality. 
Between-field differences in soil properties were then linked to between-field 
differences in water quality to address questions about available pollutant pools 
in the soils and their mobilization potentials. This chapter has also set a suitable 
baseline characterization to which future management intervention results can 
be compared to. 
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     This chapter has answered some of the questions that were raised by 
previous chapters. First, using improved geostatistical methods confirmed the 
findings presented in chapter 4 rather than proved them to be unreliable. The 
improved geostatistical method confirmed the north-south differences to be an 
underlying trend in the dataset in field 2 (Great Field). Improved statistical 
methods confirm the north-south trend in field 2 that was found by the less 
reliable methods of kriging used in chapter 4. However, it was true that this 
north-south trend was in fact overriding spatial variation in this field, so no 
geostatistics could be conducted. Producing surface prediction maps by using 
inverse distance weighting in this chapter, neither changed the surface 
prediction map and the distribution patterns it presented, nor changed the 
interpretation of what was causing the spatial distribution presented in Chapter 
4. The ranges of spatial variation found in this chapter with the improved 
geostatistics were similar to those presented in chapter 4.  
     Second, this chapter has also addressed the question whether field 2 (Great 
Field) in chapter 4 was an appropriate example of intensively managed 
grassland fields given the two previously differently managed parts of the field. 
However, this chapter has found that each grassland field was different in terms 
of soil status as well as distribution.  
     Third, this chapter has shown that the three fields are in fact significantly 
different in terms of their sediment and macronutrient concentrations and fluxes 
and that a large proportion of those differences may be explained by differences 
in soil properties between the fields.  
     The results in this chapter also provoked new questions, such as would 
ploughing homogenize soil properties within fields and between fields, or would 
the past management legacy remain? Chapter 7 explores these questions by 
comparing the results from two ploughed and reseeded fields and one 
grassland control field in the following year with the baseline calibration set in 
this chapter. Also, the question arises whether ploughing and reseeding would 
a) alter sediment and nutrient concentrations and fluxes compared to 
permanent grassland management, and b) whether ploughing and reseeding 
would alter the relationship between soil status and water quality between the 
fields, which were addressed in chapter 8. 
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Chapter 7 
 
The Effects of Ploughing and Reseeding Grasslands on  
Soil Properties and Spatial Variation 
 
 
I. Abstract 
 
Grasslands are frequently ploughed and reseeded as part of a normal 
grassland management cycle. Whilst the overall effects of ploughing on soil 
properties are well known, it remains to be understood, a) whether the 
magnitude of soil organic matter and nutrient losses with ploughing depends on 
past management such as sward age or time since last ploughing and b) 
whether one single ploughing and reseeding event has a significant 
homogenizing effect on the distribution of soil properties. 
     After ploughing and reseeding permanent grassland fields with contrasting 
ploughing histories, a range of soil physical and chemical variables (0 - 10 cm 
soil depth) were monitored. Mean values of soil properties as well as their 
spatial variability and distribution were compared to a pre-ploughing baseline 
period as well as a control field still managed as permanent grassland.  
     There may have been an effect of sward age; all soil nutrient concentrations 
were significantly reduced by ploughing the older grassland field but not in the 
younger grassland field. The expected homogenization effect on the spatial 
variation and distribution of soil properties was not seen after a single ploughing 
and reseeding event. 
     Ploughing and reseeding once did not override the legacy of past 
management in the intensively managed grasslands monitored; site specific 
management may be required to reverse past management effects and to 
reduce spatial variability in these intensively managed grasslands, if desirable. 
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II. Introduction 
 
     Ploughing followed by reseeding is part of the normal cycle of managing 
grassland systems (Butler & Haygarth, 2007). It is considered economic to re-
seed, because dry grass matter yields can improve significantly (Butler & 
Haygarth, 2007). Also, grasslands are often ploughed whenever “sustainable 
intensification” measures are imposed, such as re-seeding with newer varieties 
with improved characteristics, such as high sugar grasses, disease/drought 
resistant or deeper rooting varieties. The degradation of soil quality, fertility and 
structure that ploughing and reseeding may bring about, might consequently 
restrict the long-term sustainability of such intensification measures. 
     The effect of ploughing on soil properties is generally well understood. 
Ploughing grasslands is known to cause a decline of soil organic matter (SOM) 
of 30 - 60 % of its original value over time (0 - 30 cm soil depth) (Grandy & 
Robertson, 2006; Acharya et al., 2012). Similar declines have been shown in 
soil macronutrients nitrogen (N) and phosphorus (P) (Eriksen, 2001; Butler & 
Haygarth, 2007). Such macronutrient reductions occur because soil material 
that was previously stored in deeper soil horizons is exposed to air and 
microbes, and soil aggregates which were previously protected from 
degradation in shallow soil horizons are transformed via mineralization, 
oxidation, and volatilization as well as losses by erosion and surface runoff  
(Paustein et al., 2000; Six et al., 2000; Soussana et al., 2004; Kalbitz et al., 
2005; Grandy & Robertson, 2006), N: (Kristensen et al., 2003; Hansen et al., 
2005), P: (Addiscott & Thomas, 2000; Butler & Haygarth, 2007). Ploughing has 
also been shown to influence soil bulk density depending on soil depth. For 
example, surface soil bulk density (0 - 10 cm soil depth) was found to be 
increased by ploughing, whilst bulk density reduced in deeper layers (10 - 30 
cm) (Koch & Stockfisch, 2006).  
      Whilst the overall effects of ploughing on soil properties are well known, 
certain aspects need further research. First, it is not well understood whether 
the magnitude of SOM and nutrient losses with ploughing depends on sward 
age / the time since last ploughing. Some studies have reported increased SOM 
and nutrient losses with increasing sward age / increasing time since last 
 - 156 - 
 
ploughing (for C: (Soussana et al., 2004), for N: (Johnston et al., 1994)), whilst 
others have shown that, for example organic N is easier to mineralize and lost 
subsequently the more recently it has been formed (Hansen et al., 2005). 
However, such research is often conducted in short-term grass leys rather than 
in longer-term permanent grasslands. 
     Second, it has never been quantified how ploughing and reseeding of 
previously disturbed or permanent intensively managed grasslands affects the 
spatial variation and the distribution of soil properties.  It is generally known that 
agricultural land use, most importantly tillage, homogenizes the distribution of 
soil properties in contrast to natural environments (Robertson et al., 1993; Paz-
Gonzalez et al., 2000; Chiba et al., 2010; Li et al., 2010; Glendell et al., 2014). 
However, it remains unknown whether a single ploughing / reseeding event 
alone has a homogenizing effect and / or if it can override past management 
effects. Therefore, research is needed to quantify whether repeated ploughing / 
reseeding or individual ploughing operations homogenize soil properties and if 
so, to what degree.  
     Additionally, it is challenging to implement robust experimental designs 
under realistic management and climatic settings (as opposed to studies 
conducted in controlled environments). Chapter 6 suggested that a combination 
of ‘before ploughing versus after ploughing’ and ‘control versus ploughed’ 
experimental designs are more robust than soil surveys that compare soil 
properties between sites with different ploughing histories and rely on the 
assumption that the sites were similar in terms of soil properties prior to 
ploughing (Breuer et al., 2006). However, soils are inherently variable and their 
characteristics at any site are affected by numerous influences, which change 
through time. Therefore, soil properties in a control field may change, despite 
receiving the same management, for example changes influenced by climatic 
variability, soil moisture variability or a legacy of past management (Hopkins et 
al., 2009). Changes in soil properties in a control field may therefore 
compromise such experiments. 
     The main aim of this paper was therefore to study the short-term effect of 
ploughing and reseeding on soils that were previously managed as permanent 
grassland fields with different long-term ploughing histories. The aim was to 
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answer the following research questions by quantifying post / reseeding soil 
properties (0 - 10 cm soil depth) with respect to soil properties quantified in a 
permanent grassland control field and soil properties quantified during a 
baseline period when the fields were still managed as permanent grassland 
(Chapter 6). 
Question 7.1 Can fields subject to no management change act as controls, or 
is annual-scale (year-on-year) variability in soil characteristics significant?  
Question 7.2 Does ploughing and reseeding impose a significant change on 
soil physical properties and soil nutrient contents? 
Question 7.3 Does ploughing and reseeding affect spatial variation and the 
spatial distribution of soil properties, which in turn may affect herbage yield and 
therefore productivity? 
For subsequent effects of ploughing and reseeding of permanent grasslands on 
water quality, see the companion paper (Chapter 8). 
 
III. Methods 
 
Soil sampling was conducted on the Rothamsted Research ‘North Wyke Farm 
Platform’ in south-west England (Figure 7.1a) in October 2013.  The 15 Farm 
Platform fields are subdivided into three farmlets (Figure 7.1a), which were 
subjected to different management scenarios. The red and the blue farmlet 
were ploughed and reseeded with different seed mixtures in July 2013, while 
the green farmlet remained as a permanent grassland control. The largest field 
in each farmlet was chosen for sampling, field 2 in the red farmlet, field 5 
(control field) in the green farmlet and field 8 in the blue farmlet (Figure 7.1b - 
d); the same fields that were sampled in the previous year, the baseline period, 
when all fields were managed as permanent grassland (Chapter 6).  
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The treatment fields (field 2 and 8) were first sprayed with glyphosate to kill the 
vegetation. The seed bed was prepared by ploughing, rolling and power 
harrowing, and by addition of both farm yard manure (FYM) and mineral 
fertilizers, followed by seed drilling. Field 2 was resown with the rye grass 
variety AberMagic and field 8 with a mixture of AberMagic and white clover 
(AberHerald) (detailed timing of management is given in table 7.1). The control 
field remained as a conventionally managed grassland field, it received fertilizer 
and FYM inputs. Field characteristics, recent and past management for each 
field, including the rates of FYM and fertilizer application prior to sampling, are 
summarized in table 7.2. Manure and inorganic fertilizer were applied following 
the Code of Good Agricultural Practice (DEFRA, 2010) and Nitrate Vulnerable 
Zone guidelines (DEFRA, 2008).  
 
Table 7.1. Detailed timing of management implementation 
on field 2 and 8. 
  Field 2   Field 8 
      east west 
Glyphosate spraying 26-Jun 
 
26-Jun 26-Jun 
FYM* spreading 04-Jul 
 
04-Jul 05-Jul 
Ploughing 06-Jul 
 
09-Jul 09-Jul 
 Rolling and Power Harrow 20-Jul 
 
20-Jul 19-20 July 
Fertilizer application 22-Jul 
 
22-Jul 22-Jul 
Rolling and power harrow 30-Jul 
 
31-Jul 31-Jul 
Seed drilling 30-Jul 
 
02-Aug 31-Jul 
Herbicide spraying 06-Oct   06-Oct 06-Oct 
* FYM, farm yard manure 
     
     The Farm Platform soils are clay loams over shales of the Crackington 
formation with thin subsidiary sandstone bands (Bilotta et al., 2008; Harrod & 
Hogan, 2008; Pilgrim et al., 2010). These main soil types are typical for 
agricultural land managed as grassland and are the most common hydrological 
soil types, covering 13.9 % of the land area in England and Wales (Boorman et 
al., 1995; Bilotta et al., 2008). The soils have low water storage capacity, are 
slowly permeable and often waterlogged, creating saturation-excess overland 
flow (Harrod & Hogan, 2008; Dixon et al., 2010). A high proportion of rainfall 
occurs as surface runoff between October and March (Harrod & Hogan, 2008; 
Dixon et al., 2010). The long-term (40 years) mean annual rainfall (1045 mm) 
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and temperature (9.6 °C) are also typical of many of the intensively managed 
grassland areas in the UK (Smith & Trafford, 1976). 
 
Table 7.2. Detailed physical site characteristics, short-term inorganic fertilizer and 
farm yard manure inputs, and short-term ploughing history for each sampled field. 
  Field 2 
Field 5 
(control) 
Field 8 
Catchment Size (ha) 6.71 6.59 7.59 
Mean slope ± stdev. (%) 6.11 ± 1.56 11.79 ± 3.1 6.86 ± 1.59 
Slope Range (%) 0.98 - 9.81 5.26 - 20.89 3.52 - 13.37 
French Drain Length (m) 601.8 926.9 983.6 
Soil Types and Coverage * 
Halstow (68 %) Halstow (84.5 %) 
Hallsworth      
(15.5 %) 
Hallsworth (84.7 %) 
Halstow (5.4 %) 
Denbigh (18 %) 
Hallsworth (14 %) 
Inorganic Fertilizer Input      
(2013) 
112 kg N ha
-1                      
16 kg P ha
-1
 
152 kg N ha
-1                  
16 kg P ha
-1
 
eastern part: 128 kg N ha
-1
;
 
16 kg P ha
-1
 
western part: 112 kg N ha
-1
; 
16 kg P ha
-1
  
 
 
FYM*
1
 Inputs (2013) 211 t 171.5 t 
eastern part: 98 t 
  western part: 88.2  t 
Soil Physical Management 
(2013) 
Ploughed in July 
2013, resown with 
AberMagic (30 kg 
ha
-1
) in July 2013 
permanent 
grassland for ≈30 
years 
Ploughed in July 2013, 
resown with a mixture of 
AberMagic (25 kg ha
-1
) and 
white clover (AberHerald:      
3.5 kg ha
-1
) in July 2013 
*( Avery, 1980) 
*
1
 FYM, Farmyard manure 
 
 
          Each field is hydrologically isolated by French drains, which channel 
surface and subsurface flows to flumes, where water quantity and quality was 
monitored for the companion paper on the effects of ploughing on water quality 
(Chapter 8). 
        
     A total of 84 soil samples were taken in each field with a pro-corer in October 
2013 after the sward had established in the ploughed fields. Samples were 
taken from 0-10 cm soil depth, the soil layer that is considered most relevant for 
the soil-plant-water continuum in grasslands (Schärer et al., 2007). 
     Samples were analysed for soil physical properties (soil bulk density [BD], 
soil organic matter [SOM]) and chemical properties (total carbon [TC], total 
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nitrogen [TN], and total phosphorus [TP]). Sampling was conducted on a nested 
grid (Figure 7.1 b - d). All sampling and laboratory procedures followed those 
conducted during the baseline period described in Chapter 4 and 6. Assured 
quality control standards were used in all analyses to ensure analytical quality. 
The ratios TC:TN, TC:TP and TN:TP were calculated for each field.  
 
     All statistical analysis was conducted in GenStat 16th edition (VSN 
International, Hemel Hempstead, UK).  To answer question 7.1, whether fields 
subject to no management change can act as controls, the variation between 
the grassland baseline (2012) mean soil characteristics (Chapter 6)  and the 
2013 mean soil characteristics were assessed in the control field by using 
boxplots and two-sample t-tests. Also, spatial variation and spatial distribution of 
soil properties in the control field was compared between the baseline (Chapter 
6) and this sampling period. To do so, geostatistical analysis was conducted. A 
full description of the geostatistical analysis is described in Chapter 6. In brief, 
experimental variograms were plotted which show the variance between 
sampling points as a function of separation distance. Variogram models were 
then fitted to the experimental variograms, to describe the continuous function 
and ignoring point-to-point fluctuations. The variogram functions were then used 
to visualize the distribution of soil properties across the whole field by predicting 
values at unsampled locations using kriging (Oliver and Webster, 2014). 
Datasets with underlying trends, and no spatial structure left in the residuals 
after trend fitting where visualized by inverse distance weighting, using only 4 
neighbours, to keep the surface map as close to the raw data as possible 
(Chapter 6). Change in spatial variation and soil parameter distributions from 
the permanent grassland baseline period to the post-ploughing period were 
assessed by comparing semivariogram parameters, such as range and sills as 
well as visual assessment of the surface prediction maps (van Meirvenne & 
Hofman, 1989; Delcourt et al., 1996; Bogaert et al., 2000).  
    To answer question 7.2, whether ploughing / reseeding imposed a change 
on soil physical properties and soil nutrient contents, changes in mean values 
between the baseline period and after ploughing were assessed for the 
treatment fields (field 2 and 8) by boxplots and two-sample t-tests. Additionally, 
differences between the mean soil characteristics between the ploughed fields 
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and the control field were visualised by boxplots and tested statistically using 
two-sample t-tests.  
     To answer question 7.3, whether ploughing and reseeding affect spatial 
variation and the spatial distribution of soil properties, the same geostatistical 
analysis as described for question 1 was conducted and results for the 
treatment fields were compared to those from the baseline period (Chapter 6).  
 
IV. Results 
 
A. Can fields subject to no management change act as controls, or is 
annual-scale (year-on-year) variability in soil characteristics 
significant?  
 
Mean soil properties changed significantly in the control field between 2012 and 
2013 (Table 7.3). Soil TC increased by 16.2 % (from 49.8 TC g kg -1 in the 
previous year (baseline) to 57.9 TC g kg-1) and soil N increased by 8.3%, but 
TP content was reduced by 7.1 % (Table 7.3). Soil organic matter did not 
change significantly. Bulk density decreased by 16.7 %, from 0.96 down to 0.8 g 
cm-3.  
     Semivariogram parameters changed in the control field from the previous 
year to the subsequent sampling period (Table 7.4). The distance over which 
soil properties varied (range) increased on average by 20 m and the total 
variance (total sill) decreased in most soil properties, BD (from 0.13 in 2012 to 
0.005 in 2013), SOM (from 132.11 in 2012 down to 93.7), TN (from 1.38 in 2012 
down to 0.3 in 2013). The distribution of soil properties across the control field 
remained similar to the previous year. The distribution was fairly uniform, but 
concentrations of nutrients and bulk density were higher in the middle of the 
field (Figure 7.3). 
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Table 7.3.  Changes in mean values in the permanent grassland 
control field from the sampling season 2012 to the sampling 
season 2013. The direction and % of change is only shown for 
significant changes (p < 0.05) 
Field  Soil property * 
  
Percentage 
change 
Mean 
values 
2013 
Mean 
values 
2012 
Control 
BD (g cm
-3
) ↓ 16.7 0.8 0.96 
Total C (g kg
-1
) ↑ 16.2 57.9 49.83 
Total N (g kg
-1
) ↑ 8.3 6.5 6 
Total P (g kg
-1
) ↓ 7.1 1.4 1.5 
SOM (g kg
-1
)     121.4 118.2 
* BD, Bulk density; SOM, Soil organic matter. 
 
  
Table 7.4. Results of the geostatistical analysis and spherical 
variogram model */ kriging cross-validation for the control field. 
  BD *
1
 SOM *
1
 Total C  Total N  Total P 
  
g cm
-
3
 
g kg
-1
 g kg
-1
 g kg
-1
 g kg
-1
 
Nugget c0* 0.003 34.4 21.6 0.2 0.02 
Partial sill c * 0.002 59.3 13.6 0.2 0.01 
Range r * 109.6 291 109.7 96.7 125 
% explained by the model 48.7 52.7 43.9 51.3 24.1 
mean error -0.01 -0.002 -0.15 -0.01 0.01 
mean squared error 0.01 395.2 45.21 0.48 0.02 
mean prediction variance 0.004 358.2 27.78 0.24 0.02 
mean ratio 1.48 1.10 1.51 1.78 1.07 
median ratio 0.51 0.49 0.57 0.59 0.46 
 
* equation of the spherical model:  for 0 < h ≤ r, when h 
= lag distance, c0 = nugget, c = sill,  r = range 
*
1
 BD, Bulk density; SOM, Soil organic matter 
 
B. Does ploughing and reseeding impose a significant change on 
soil physical properties and soil nutrient contents?  
 
Ploughing imposed a significant change on all soil physical properties and soil 
nutrient contents in field 8, but only on some soil properties in field 2, in relation 
to the permanent grassland baseline period (Table 7.5). 
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     Field 8 saw a significant reduction of soil organic matter and soil nutrient 
concentrations, and a significant increase in BD. Ploughing in field 8 reduced 
SOM concentration by 19.3 % (from 101.14 SOM g kg-1 during the baseline 
down to 81.6 SOM g kg-1 after ploughing, TC by 15.6 % (from 42.23 TC g  kg-1 
during the baseline down to 35.87 TC g  kg-1), TN by 15.6 % ( from 4.81 TN g 
kg-1 to 4.06 TN g kg-1 after ploughing) and TP by 25 % (from 1.16 TP g kg-1 
during the baseline down to 0.87 TP g kg-1 after ploughing). Bulk density 
increased significantly after ploughing by 23.8 % (0.99 g cm-3) in relation to the 
baseline period (0.8 g cm-3).  
     Ploughing of field 2 imposed a significant reduction in SOM and total P 
content, but not in TC and TN. SOM was reduced by 17.7 % (from 88.8 g kg-1 
during the baseline down to 75.4 g kg-1 after ploughing) and P by 2.3 %. Bulk 
density increased significantly by 11.2 % (from 0.89 g cm-3 in the baseline up to 
0.99 g cm-3 after ploughing).  
 
Table 7.5.  Changes in mean values with ploughing and 
reseeding compared to the previous year, when the fields (field 2 
and 8) were managed as permanent grassland. The direction and 
percentage of change is only shown for significant changes (p < 
0.05). 
Field  Soil property * 
Direction 
of 
Change 
Percentage 
change 
Mean 
values post 
plough 
(2013) 
Mean 
values 
grassland 
(2012) 
2 
BD (g cm
-3
) ↑ 11.24 0.99 0.89 
Total C (g kg
-1
) 
  
35.8 35.88 
Total N (g kg
-1
) 
  
4.2 4.25 
Total P (g kg
-1
) ↓ 2.3 1.3 1.33 
SOM (g kg
-1
) ↓ 17.7 75.4 88.75 
8 
BD (g cm
-3
) ↑ 23.75 0.99 0.8 
Total C (g kg
-1
) ↓ 15.1 35.9 42.23 
Total N (g kg
-1
) ↓ 15.6 4.1 4.81 
Total P (g kg
-1
) ↓ 25 0.9 1.16 
SOM (g kg
-1
) ↓ 19.32 81.6 101.14 
* BD, Bulk density; SOM, Soil organic matter. 
 
     The differences between the two treatment fields (2 and 8) as well as the 
control field were altered significantly by ploughing and reseeding. The two 
treatment fields had been significantly different during the baseline period in all 
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measured soil properties, but the significant reductions of SOM and soil nutrient 
contents in field 8 have reduced the difference between the two fields, so that 
they are now not significantly different in terms of bulk density, TC and TN 
(Table 7.6; Figure 7.2). The control field had higher SOM and nutrient contents 
than the ploughed fields, both in the baseline period and after ploughing. 
However, the difference between the control and the treatment fields further 
increased with the rise in SOM and soil nutrient contents in the control field and 
the reduction of SOM and soil nutrients in field 8 (Table 7.6; Figure 7.2). 
 
Table 7.6. Differences between the mean values of the measured soil 
properties between the two ploughed-reseeded fields 2 and 8 and the 
grassland control field 5. Statistical differences between the fields are 
indicated by different letters (a,b,c), determined by two-sample t-tests. 
Measured soil property * 
  Field 2   Control   Field 8 
  Mean ± Stdev    Mean ± Stdev    Mean ± Stdev  
BD (g cm
-3
) 
 
1 ± 0.2 a 
 
0.8 ± 0.1 b 
 
1 ± 0.1 a 
Total C (g kg
-1
) 
 
35.8 ±  7.9 a 
 
57.9 ± 4.4 b 
 
35.9 ± 4.8 a 
Total N (g kg
-1
) 
 
4.2 ± 0.7 a 
 
6.5 ± 0.5 b 
 
4.1 ± 0.4 a 
Total P (g kg
-1
) 
 
1.3 ± 0.3 a 
 
1.4 ± 0.2 b 
 
0.9 ± 0.1 c 
SOM (g kg
-1
) 
 
75.4 ± 16 a 
 
121.4 ± 16.5 b 
 
81.6 ± 12.4 c 
TC:TN 
 
8.5 ± 0.5 a 
 
9 ± 0.2 b 
 
8.8 ± 0.4 ab 
TC:TP 
 
27.8 ± 6.3 a 
 
40.7 ± 4.5 b 
 
41.9 ± 8.4 b 
TN:TP   3.2 ± 0.6 a   4.5 ± 0.4 b   4.7 ± 0.9 b 
* BD, Bulk density; SOM, Soil organic matter 
 
C. Does ploughing and reseeding affect spatial variation and the 
spatial distribution of soil properties? 
 
Ploughing / reseeding did not affect the spatial variation and spatial distribution 
of soil properties in field 2, but there were some small effects in field 8. 
     Spatial variation still existed in the fields after ploughing. Field 2 had a 
significant north-south trend and no spatial structure left in the residuals after 
trend fitting, as it had before ploughing (Table 7.7). Therefore, no geostatistics 
could be conducted, and semivariogram parameters before and after ploughing 
could not be compared in field 2.  
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Figure 7.2. Between-field (2 = field 2, C = control field, 8 = field 8) differences in 
means of each soil property, first during the grassland baseline period and then 
during the post-ploughing period: a) bulk density (BD), b) soil organic matter 
(SOM), c) total carbon (TC), d) total nitrogen (TN), and e) total phosphorus 
(TP). The boxes visualize the lower to the upper quartile, the line the median 
and the upper whisker the upper quartile + 1.5 * the interquartile range and the 
lower whisker the lower quartile – 1.5 * the interquartile range. Dots visualize 
the 5th and 95th percentile. Significant differences are indicated by different 
letters (a,b,c,d,e,f), determined by two-sample t-tests. 
 
 
Table 7.7. Results of quadratic trend analysis of all 
soil properties for Field 2 (all p < 0.001). There was 
no spatial structure left in the residuals.  
Soil property * % variance explained by fitted trend 
BD (g cm
-3
) 36.4 
SOM (g kg
-1
) 42.8 
Total C (g kg
-1
) 46.5 
Total N (g kg
-1
) 52 
Total P (g kg
-1
) 50 
* BD, bulk density; SOM, Soil organic matter 
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Most soil properties in field 8 exhibited a clear spatial structure, except P, for 
which no geostatistics could be conducted. Semivariogram parameters changed 
after ploughing, but soil properties behaved in different ways. The ranges over 
which soil properties varied increased for BD (increase by 43 m) and TC (slight 
increase by 0.8 m) but ranges decreased for SOM (decreased by 88.7 m) and 
TN (decreased by 4.2 m) (Table 7.8). Total variance (total sill) increased for BD, 
SOM and TN, but decreased for TC.  
     Ploughing did not affect the distribution of soil properties in field 2, but in field 
8 (Figure 3). The significant north-south trend that already existed during the 
baseline period is still visible in the surface maps. The northern part of field 2 
still has significantly higher SOM, TC and TN content, the difference between 
those has not changed. The distribution in field 8 was more uniform after 
ploughing than it was during the baseline; the two parts of the field were not 
different anymore. 
 
Table 7.8. Results of geostatistical analysis and spherical variogram 
model */ kriging cross-validation for ploughed and reseeded field 8. 
  BD *
1
 SOM *
1
 Total C  Total N  Total P 
  gcm
-3
 g kg
-1
 g kg
-1
 g kg
-1
 g kg
-1
 
Nugget c0* 0.01  79.3 11.3 0.09 n.a *
2
 
Partial sill c * 0.004  93.9 13.4 0.08 n.a *
2
 
Range r * 136.2  84.99 97.1 99.8 n.a *
2
 
% explained by the model 33.1 59.1 42.9 88.2 n.a *
2
 
mean error -0.01  -0.21 -0.06 -0.01 n.a *
2
 
mean squared error 0.01 155.2 20.5 0.14 n.a *
2
 
mean prediction variance 0.01 133.1 17.04 0.12 n.a *
2
 
mean ratio 1.03 1.18 1.19 1.13 n.a *
2
 
median ratio 0.47 0.59 0.3 0.35 n.a *
2
 
* equation of the spherical model  for 0 < h ≤ r, when h = lag 
distance, c0 = nugget, c = sill, r = range 
*
1 
BD, bulk density; SOM, Soil organic matter. 
   *2  n.a.,  total P in field 8 did not have any spatial structure. 
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Figure 7.3. Surface prediction maps by inverse distance weighting for ploughed 
and reseeded field 2 (left) and by kriging for soil properties in the grassland 
control field 5 (middle) and ploughed and reseeded field 8 (right), apart from 
total P in field 8 (inverse distance weighting). Only predictions within the area of 
the sampling extent are shown. In field 2, the old dividing field boundary is 
shown (pre 2010), dividing the northern and southern part, affecting distribution 
patterns of soil properties. The fence between the eastern and western part in 
field 8 is shown. 
 - 169 - 
 
V. Discussion 
 
A. Can fields subject to no management change act as controls, or is 
annual-scale (year-on-year) variability in soil characteristics 
significant?  
 
Year-on-year variability was in fact significant in the field that acted as a control  
for this experiment. The permanent grassland control field showed significant 
nutrient accumulation in the top 10 cm of soil, despite receiving the same 
management as the previous year. Such soil surface nutrient accumulations are 
typical in grassland fields over time (Schaerer et al., 2007). Fertilizer / manure 
applications as well as direct application of manures by grazing livestock are 
made to the soil surface and are not mixed with lower soil layers by ploughing 
(Paustein et al., 2000; Koch & Stockfisch, 2006; Liu et al., 2006). Some authors 
suggest that grasslands that have not been ploughed for 30 years cease to act 
as a carbon and nitrogen sinks (Johnston et al., 1994), a finding which could not 
be confirmed by this research. Bulk density was reduced by 16.7 % even 
though the management stayed the same. Bulk density is very likely to be 
affected by year-on-year climatic variability, for example by differences in soil 
moisture (Hopkins et al., 2009). When soils are wet, as they were during the 
baseline period, soils tend to swell and thereby increase bulk density. In 
contrast, when soils are dry, as they were during the 2013 sampling period, 
soils shrink and therefore bulk density decreases (Hopkins et al., 2009). Whilst 
all efforts were made to sample soil when in similar soil moisture conditions, it 
was not possible due to the very different weather occurring in 2012 versus 
2013.  
     There was also year-on-year viability in the spatial variation of soil 
properties, despite receiving the same management; the semivariogram 
parameters changed notably. Total variance (sill) within the control field was 
reduced and the soil properties varied over larger distances (range distances) 
(Oliver & Webster, 1991; 2014). Therefore, homogenization occurred even 
though there was no management change. However, such homogenization was 
not visible in the kriged surface maps, the distribution remained the same as it 
was in the baseline period. 
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     Even though soil properties changed significantly in the control field, we 
argue that managed fields can still be used as robust controls when used in 
combination with pre-management change characterization. Monitoring before 
and after management change allows for the assessment of relative change; a 
further increase in differences between control and treatment fields in the case 
of this study. Such assessment of relative change would have been even more 
important, if the choice of control field had been different in this study. The field 
that already had the highest SOM and nutrient content during the baseline 
period was chosen as the control field, and remained the field with the highest 
SOM and nutrient contents after the others had been ploughed. Therefore, the 
lower SOM and nutrient concentrations in the ploughed fields may have been 
identified rightly as ploughing effects compared to the unploughed field if no 
baseline characterization had been conducted. However, if another field had 
been chosen as the control field and there had been no baseline to compare 
changes in soil properties to, then the effects of ploughing may have not been 
identified.  
     The significant year-on-year variability despite the same management found 
in this study indicates that any soil survey or datasets, for example the UK 
National Soil Research Institute dataset, only provide a snapshot of the time 
that the data were taken. 
 
B. Does ploughing and reseeding impose a significant change on 
soil physical properties and soil nutrient contents?  
 
Ploughing and reseeding imposed a significant change on soil bulk density in 
both ploughed fields, but effects on soil nutrient contents varied between the 
two ploughed fields. 
     Ploughing in field 8 had the expected effect of reducing SOM, TC, TN and 
TP concentration (10 cm soil depth). Mixing the nutrient-rich top soil with 
nutrient-poorer soil lower down the soil profile is likely to have reduced overall 
soil surface nutrient content (Koch & Stockfisch, 2006). Also, previously 
protected soil organic matter, including organic C, N and P by macroaggregates 
and in lower deeper soil horizons, was exposed to microorganisms and physical 
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degradation by ploughing, resulting in mineralization and oxidation 
(SOM:(Soussana et al., 2004; Acharya et al., 2012; Beniston et al., 2014), N: 
(Bhogal, 2000; Kristensen et al., 2003; Eriksen et al., 2004b; Hansen et al., 
2005; Eriksen et al., 2006), P: (Addiscott & Thomas, 2000; Butler & Haygarth, 
2007). Additionally, some of the degraded SOM and organic nutrients may have 
been taken up by the new grass cover, or lost by gaseous emissions (CO2: 
(Acharya et al., 2012; Merbold et al., 2014), N2O: (Merbold et al., 2014). An 
increase in BD was also expected, because ploughing breaks up soil structure, 
such as soil aggregates and porosity, resulting in soil compaction. However, 
despite the significant changes after ploughing, the mean SOM, nutrient 
concentrations and BD are still within the range of those reported for grasslands 
(Shi et al., 2002; McGrath & Zhang, 2003; Clegg, 2006; Amman et al., 2009) 
and greater (SOM) / smaller (BD) than those reported for arable systems, 
respectively (Cambardella & Karlen, 1999; Wright & Hons, 2005; Qiu et al., 
2011). 
     Field 2 only experienced significant reductions in SOM and soil TP, but not in 
soil TC and TN. Additionally, the percentage of SOm reduction in field 2 was 
smaller than that in field 8. Therefore, the older grassland (field 8, last ploughed 
> 30 years ago) exhibited more soil nutrient reductions, especially C, after 
ploughing than the more recently ploughed field 2 (7 years ago). Similar effects 
of grassland age have been reported on soil TC reductions (Soussana et al., 
2004) and for TN release (Hansen et al., 2005). Also, carbon response curves 
after land use change have shown an exponential loss of SOC after converting 
permanent grassland (no ploughing) to arable land (frequent ploughing), 
indicating that most SOC is lost with the first few ploughing events (Popleau et 
al., 2011, West et al., 2004). A combination of the following explanations is 
likely to have affected SOM and nutrient contents in the top 10 cm and 
mitigated any change due to ploughing in field 2. One explanation may be that 
recent ploughing had mixed soil layers, so that the soil nutrient concentrations 
of deeper soil layers were already similar to those in the topsoil and further 
mixing due to ploughing therefore had no effect (Grandy & Robertson, 2006; 
Koch & Stockfisch, 2006; Baker et al., 2007). Another explanation may be that 
organic matter in recently ploughed fields was already partially decomposed 
and readily mineralized nutrients were taken up by grass vegetation at higher 
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rates in the young grassland field, because biomass production of grass 
reduces rapidly with age (Eriksen et al., 2004). A further explanation may be 
that ‘older’ SOM or SOC is lost preferentially by erosion than ‘younger’ SOM or 
SOC, as shown by Beniston et al. (2014a). 
 
     The fact that the two ploughed fields showed different rates of SOM, C and 
nutrient reductions after ploughing could not have been detected without 
baseline characterisation. If the fields had been assumed to have the same 
mean values of soil properties before ploughing, a basic assumption that a lot of 
soil surveys are based on (Breuer et al., 2006), it would have been concluded 
that both fields had significantly lower SOM and soil nutrient contents due to the 
ploughing  and reseeding event. 
 
C. Does ploughing and reseeding affect spatial variation and the 
spatial distribution of soil properties? 
 
A single ploughing event did not cause the expected homogenizing effect on 
soil properties. Spatial variation as well as patterns of soil distribution remained 
similar to those quantified during the permanent grassland baseline period 
(Chapter 6). 
     The ranges over which spatial variation occurred could not be compared 
before and after ploughing in field 2, however, the remaining north-south trend 
in all soil properties indicates that spatial variation remained broadly unaffected 
by ploughing / reseeding. The visible differences in soil property distribution 
maps between the northern and southern part of field 2, that were previously 
managed differently, remained after ploughing and reseeding. The two parts 
seemed to be affected in similar ways and the difference between them 
remained. The north-south difference in field 2 has now been documented for 3 
consecutive years, despite ploughing in this study (Chapter 4 and 6). Therefore, 
the different past management and historical soil properties in the two parts of 
the field still affect the distribution of soil properties despite intensive 
management in recent years. The southern part of the field was ploughed and 
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reseeded 7 years ago whilst the northern part remained as permanent 
grassland (Chapter 4).  
 
     Comparisons of semivariogram parameters before and after ploughing did 
not reveal any alteration in spatial variation in field 8. The distribution maps in 
field 8 seem to show uniform distribution. The differences between the two 
fenced-off parts of field 8 have been reduced (Chapter 6). Those differences 
had been attributed to differences in long-term ploughing history (most recent 
difference: the eastern part was ploughed and reseeded 10 years before the 
sampling in this paper whilst the western part remained as permanent 
grassland) and short-term differences in FYM applications (3 years prior to this 
sampling period, eastern part received no FYM, whilst the western part received 
FYM).  
     One single ploughing and reseeding event did not show a significant 
homogenizing effect on the variability or distribution of soil properties. Even 
though the mean values of soil properties was altered by ploughing, at least in 
field 8, the distribution and variability of soil properties still seem to be affected 
by past management and the historical condition of the soils. The fact that long-
term management effects are still influencing the distribution and variability of 
soil properties now indicates long response times of soils to agricultural 
management, but also how a single ploughing event is not enough to 
manipulate soils so that they become homogenized enough to be treated as 
one management unit. For example, field 2 still functions as separate fields and 
those two parts of the field should instead be managed as two separate 
management zones. Results of this paper indicate that productivity and 
economic benefits, and possibly water quality benefits (see companion paper) 
may be gained by treating the individual field as different management units and 
field 2 as two separate management units (McCormick et al., 2009; Fu et al., 
2010). The soil properties measured in this study may potentially be yield 
limiting (Zhang et al., 2002). However, the total nutrients measured here do not 
describe the nutrients that are plant available, at least not under the 
conventional understanding that mostly inorganic nutrients are available. The 
spatial variability of inorganic nutrients may differ from those of total nutrients. 
For example, the spatial variability for NO3-N  was reported to be a lot higher in 
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similar temperate grassland studies than that of the total N in this study (ranges 
an order of magnitude lower than those in this study) (Delcourt et al., 1996; 
Bogaert et al., 2000) and the NO3-N content of soils is continuously changing 
(van Meirvenne & Hofman, 1989). Therefore, this study indicates that site-
specific management is required to homogenize the fields and for potential yield 
and environmental benefits, but sampling of more specific fractions of nutrients 
may be required in order to make recommendations of site-specific fertilizer 
application rates. Once site-specific management is applied, the larger Farm 
Platform project that this study is nested within, may also provide currently 
missing information on yield improvements from site specific fertilizer 
applications in grasslands (Schnellberg et al., 2008) as well as on the time it 
takes for homogenization of soil properties to occur. 
 
 
VI. Conclusion 
 
This study has quantified the immediate effects of ploughing / reseeding of 
grassland fields with different sward ages on bulk density, soil organic matter 
and nutrient concentrations (0 - 10 cm soil depth). Additionally, this is the first 
study to quantify how a single ploughing / reseeding operation in grasslands 
affects the spatial variation and distribution of soil properties. Results 
demonstrated that: 
 The combination of ‘before ploughing vs. after ploughing’ and ‘control vs. 
ploughed’ was found to be a robust experimental design, despite significant 
year-on-year variability in the control field (Question 7.1). The permanent 
grassland control field (no ploughing for > 30 years) showed a significant 
accumulation of TC, TN and TP. 
 Ploughing and reseeding increased soil surface bulk density in both 
ploughed fields (Question 7.2). 
 There may have been an effect of sward age before ploughing: all soil 
nutrient concentrations were significantly reduced in the older grassland field 
(no ploughing for 20 years), but not in the younger grassland field (no 
ploughing for 7 years) (Question 7.2). 
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 A single ploughing and reseeding operation in the two grassland fields did 
not show the expected homogenizing effect on soil properties’ spatial 
variation and distribution (Question 7.3). 
  Ploughing and reseeding once did not override past-management effects 
that are considered to have caused the distribution of soil properties 
(Question 7.3). 
 Field-specific management (the specific management of separate 
management units within fields) may be required in order to over-ride past 
management effects, reduce spatial variability within and between fields, 
which may eventually result in yield gains and on- and off-site environmental 
benefits 
For subsequent water quality effects after ploughing and reseeding of 
permanent grassland, see the companion paper (Chapter 8). 
 
     This chapter characterized the effects of ploughing and reseeding on soil 
properties and their distribution in grassland fields with contrasting management 
histories. This chapter addressed questions that were raised by previous 
chapters (Chapter 4 and 6), how long the effect of management history lasts. It 
found that past management effects may still have an effect on how mean soil 
properties were are altered by ploughing and reseeding and that the differences 
between the two previously differently managed parts in two fields still remained 
even after ploughing and reseeding the entire field. Therefore, field specific and 
site specific management in field 2 may have to be employed to homogenize 
soil properties within fields and between fields, to achieve potential grass 
production benefits and diffuse water pollution reductions. 
     The results in this chapter also provoked new questions, such as do the 
changes in mean soil properties by ploughing and reseeding have subsequent 
effects on diffuse water pollution rates? Therefore, chapter 8 quantified the 
sediment and macronutrient losses from the same ploughed and reseeded 
fields and assessed whether the relationship between soil status and water 
quality between the fields was altered by ploughing and reseeding. 
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Chapter 8 
 
The Effects of Ploughing and Reseeding Grasslands on 
Sediment and Macronutrient Delivery to Surface Waters 
 
I. Abstract 
 
This study adds to the growing evidence that temperate intensively managed 
grasslands, particularly ploughed and reseeded grasslands, contribute 
significantly to soil erosion and diffuse pollution rates. 
     This study is the first to monitor the effects of ploughing and reseeding in 
grasslands on the delivery of multiple pollutants and their ratios; sediment and 
the macronutrients nitrogen, phosphorus and carbon. Two ploughed and 
reseeded grassland fields and one permanent grassland field were monitored 
throughout the first hydrological season post-ploughing. Monitoring was 
conducted at high resolution (up to every 15 minutes) at the North Wyke Farm 
Platform, UK.  Ploughing effects were identified by employing a paired 
catchment design, comparing back to a pre-characterized permanent grassland 
baseline period. 
     Ploughing and reseeding significantly accelerated the losses of sediment 
and the macronutrients carbon, nitrogen and phosphorus, thereby exacerbating 
the already significant losses from these grasslands. Additionally, ploughing and 
reseeding caused a shift in the relative importance of pollutants, with a dramatic 
increase in the relative importance of N losses. The availability or vulnerability 
of soil particles and macronutrients to mobilization, irrespective of soils nutrient 
contents, may be controlling fluxes and yields of sediment and macronutrients 
from ploughed and reseeded grasslands. 
     Sediment, nitrogen and phosphorus losses from ploughed and reseeded 
grasslands frequently exceeded EU water quality guidelines, at higher 
frequencies than in permanent grasslands. Such accelerated losses from 
recently ploughed grasslands need to be acknowledged in land management 
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guidelines and taken into consideration when implementing sustainable 
intensification practices that involve ploughing and reseeding. 
 
II. Introduction 
 
Grasslands cover extensive areas of Europe, the USA, Australia and New 
Zealand (Brazier et al., 2007) and may be widespread sources of diffuse 
pollution. Whilst evidence has accumulated that demonstrates permanent 
grasslands to contribute significantly to diffuse pollution (Haygarth, 1997; 
Preedy et al., 2001; Wood et al., 2005; Bilotta et al., 2008; Bilotta et al., 2010; 
Granger et al., 2010; Matthews et al., 2010; Sandford et al., 2013; Chapter 5), 
the diffuse pollution losses from ploughed and reseeded grasslands are less 
understood; a frequent management practice in grasslands. Additionally, many 
‘sustainable intensification’ measures may include ploughing grasslands and 
reseeding with newer varieties with improved characteristics such as deep 
rooting varieties.   
    There are only few studies that assess the effects of ploughing and reseeding 
grasslands on diffuse water pollution. In the short-term, ploughing-reseeding 
has been reported to accelerate erosion (Sharpley, 2003; Grandy & Robertson, 
2006; Butler & Haygarth, 2007) and increased losses of macronutrients due to 
soil organic matter mineralization (nitrogen (N): (Shepherd, 2001; Eriksen et al., 
2004; Eriksen et al., 2006; Burt et al., 2008; Burt et al., 2011), phosphorus (P): 
(Addiscott & Thomas, 2000; Sharpley, 2003; Butler & Haygarth, 2007). Carbon, 
(C) losses have been shown to be higher after ploughing in general, but have 
not been quantified in ploughed grasslands before (Owens et al., 2002; Quinton 
et al., 2006; Kuhn et al., 2009). In the long-term, some studies have found 
overall reductions of P losses (Sharpley, 2003) as well as no detection of a 
residual N effect of ploughing (Sharpley, 2003), potentially due to the reduction 
of nutrient surface accumulation by ploughing and reseeding (Chapter 7). 
However, several aspects need to be addressed to fully understand diffuse 
water pollution from ploughed and reseeded grasslands. 
     First, the effects of ploughing and reseeding on the delivery of some 
pollutants are better understood than on the delivery of other pollutants, partly 
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due to using different methods of quantification. For example, N leaching after 
ploughing is mostly quantified by suction cups in the soil water (Shepherd, 
2001; Eriksen et al., 2004; Eriksen et al., 2006), rather than monitoring actual N 
transport to surface waters as has been done for sediment and phosphorus 
(Butler & Haygarth, 2007). Carbon losses from grassland, let alone from 
ploughed grasslands are not well understood. Either, mostly dissolved organic 
carbon is studied in grasslands (Don & Schulze, 2008; Sandford et al., 2013) or 
only particulate carbon is studied in recently ploughed arable fields (Owens et 
al., 2002; Quinton et al., 2006; Kuhn et al., 2009). Total carbon losses, including 
dissolved and particulate C, have only been quantified once in permanent 
grasslands (Chapter 5), but never in recently ploughed grasslands. Therefore, 
the delivery of sediment, N, C and P losses to surface waters have to be 
monitored after ploughing and reseeding of grasslands.  
     Second, it is important not only to understand the effects of ploughing and 
reseeding of grasslands on the losses of individual pollutants but also on their 
relative losses. It is not the concentration or load of single pollutants, but the 
relative concentrations or loads of multiple pollutants that impact aquatic 
ecosystems (Chapter 5). A switch in the relative importance of pollutants 
following ploughing and reseeding may alter the nature of the original water 
quality issue, for example, by altering the limiting nutrient in the aquatic system 
of interest (Sylvan et al., 2007). Therefore, the simultaneous losses of multiple 
pollutants have to be monitored after ploughing and reseeding of grasslands, to 
understand whether the relative importance of pollutants is altered (Sylvan et 
al., 2007, Pearl et al., 2009; Chapter 5). 
     Third, it is important to understand the mechanisms controlling the losses of 
diffuse pollutants from ploughed and reseeded grasslands, such as identifying 
pollutant sources (for example nutrient contents in the soil), the mode of 
mobilization of pollutants from the source and the flow pathways that transport 
and delivery pollutants to surface waters (Haygarth et al., 2005). Mechanistic 
understanding may be improved by employing high resolution monitoring rather 
than daily sampling (Butler and Haygarth, 2007) or two-weekly sampling 
(Eriksen et la., 2004) that were employed in previous studies on ploughed 
grasslands (Kirchner et la., 2004; Jordan et al., 2012; Melland et al., 2012) and 
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by linking pollutant losses with soil physical and chemical properties (Wall et al., 
2011; Haygarth et al., 2005a). 
     Additionally, it is challenging to reliably identify whether any detected change 
in water quality parameters between two monitoring periods is evident, for 
example between a permanent grassland monitoring period and a post 
ploughing and reseeding monitoring period, are attributed to year-on-year 
variation or whether these changes are caused by the implementation of 
ploughing and reseeding. Such inter-annual variation exists for example climatic 
variation, variation in soil moisture conditions and subsequent variation in runoff 
generation, which may eventually leads to year-to-year variation in diffuse 
pollution concentrations, fluxes and yields (Schilling et al., 2013, King et al., 
2008). Paired catchment approaches involve a baseline characterization of 
testing whether catchments respond to rainfall in similar ways in terms of flow 
and pollutant concentrations, so that changes between the baseline period and 
the post-management-change period can be identified as management effects 
rather than year-to-year variation (Schilling et al., 2013, Jokela & Casler, 2011, 
King et al., 2008). 
     Therefore, the main aim of this paper was to study the effect that ploughing 
and reseeding of permanent grassland fields has on water quality in terms of 
suspended sediment and the macronutrients carbon, nitrogen and phosphorus. 
High resolution monitoring (up to every 15 minutes) in grassland fields of 
different sward ages and a permanent grassland control field was conducted, 
using a paired catchment approach. Results were described in relation to water 
quality and soil properties during a permanent grassland baseline period 
(Chapter 5 and 6) and in relation to soil nutrient contents after ploughing 
(Chapter 7). The main questions were: 
Question 8.1 Can changes be detected between baseline water quality from 
permanent grasslands the previous year and post-ploughing and reseeding 
water quality?  
Question 8.2 How do pollutant losses after ploughing and reseeding compare 
to a permanent grassland control and the permanent grassland baseline 
period? 
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Question 8.3 Have controls on fluxes and yields of sediment and 
macronutrients changed with respect to the baseline period and what may be 
controlling pollutants after ploughing? 
Question 8.4 Has ploughing and reseeding affected the relative importance of 
pollutants through flow conditions and time relative to the permanent grassland 
baseline period and control field? 
Question 8.5 How does water quality from ploughed and reseeded grassland 
fields compare to EU / UK recommended water quality standards? 
 
 
III. Methods 
 
Hydrology and water quality monitoring was conducted at the Rothamsted 
Research ‘North Wyke Farm Platform’ in south-west England between June 
2013 and April 2014. This paper / chapter is a companion to Chapter 7, which 
discusses the effects of ploughing the same grassland fields on soil properties 
and their spatial variation and distribution. A location map of the Farm Platform 
can be found therein (Figure 7.1 a). The Farm Platform fields are hydrologically 
isolated by French drains, so that water leaving the field by either subsurface 
and/or surface flow is channelled via the drains to flumes, where water quantity 
and quality was monitored (Chapter 5). The Farm Platform is subdivided into 
three equal-sized farmlets, which were subjected to different management 
scenarios. One field in each farmlet was chosen for monitoring, the same fields 
as during the baseline period, when the farmlets were managed as permanent 
grasslands (Chapter 5 and 6). The control field (field 5) remained as permanent 
grassland, while field 2 and field 8 were ploughed and reseeded with different 
seed mixtures in July 2013. Detailed maps of the chosen fields and their 
characteristics, detailed timing of ploughing and reseeding operations in field 2 
and 8 as well as a detailed description of Farm Platform soils, climate and long-
term past management of the sampled fields can be found in chapter 7.  
 
     Hydrology and water quality instrumentation of the Farm Platform is 
described in detail by Griffith et al. (2013). In brief, each field is equipped with a 
tipping bucket rain gauge and each flume is outfitted with a range of automated 
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or semi-automated water quantity (discharge) and quality monitoring equipment. 
All data were collected at 15-minute time-steps. 
     The following water quality parameters were monitored: suspended 
sediment (SS), and the macronutrients total carbon (TC), total phosphorus (TP) 
and total oxidized nitrogen-N (TONN), a combined measurement of nitrate and 
nitrite. Detailed description of analytical methods, instruments and quality 
assurance procedures are described in Chapter 5. SS and TONN were 
monitored continuously by automated sensors  that are located in a stainless-
steel by-pass cell, into which discharge water is pumped every 15 minutes 
when discharge rates are > 0.2 L s-1 (Griffith et al., 2013; Chapter 5). 
Continuously monitored nephelometric turbidity units (NTU), were converted to 
SS (mg L-1) concentrations by establishing rating curves between NTU and 
manually sampled SS concentrations (analysed by filtration (1.2 μm filters 
(Anon., 1980; Bilotta et al., 2008; Chapter 5) (SS mg L-1 = 0.77 x + 5.7a, r2 = 
0.91, N = 81, where x is turbidity in nephelometric turbidity units, NTU).  Total 
phosphorus was measured at 15-minute time-steps during the following 
deployment periods: deployment period 1: 30/10/20013-15/11/2013 (all fields), 
deployment period 2: 18/12/2013 – 31/12/2013 in field 8 and 18/12/2013 - 
7/1/2014 in field 2 and 5. TC was sampled during storm events by flow-
proportional auto-sampling and manually analysed in the laboratory. The TC 
analytical instrument used during the baseline period was replaced by a 
different analytical instrument (Shimadzu total organic carbon analyser, 
Shimadzu corporation analytical & measuring instruments division, Japan). As 
in the previous year, the samples were not filtered, but stirred before analysis. 
Within the Shimadzu analytical instrument, samples were heated at 680 °C (in 
contrast to 850 °C in the method during the baseline period) to oxidize all forms 
of carbon to carbon dioxide, which was then measured by infrared (Chapter 5).  
 
     All statistical analysis was conducted in GenStat 16th edition (VSN 
International, Hemel Hempstead, UK). To address question 8.1, whether a 
change in water quality can be detected between the baseline and post-
ploughing periods, the control field was paired with the two ploughed and 
reseeded fields and linear regressions were conducted for hydrology and water 
quality properties throughout the entire time series (following typical paired 
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watershed experimental designs (King et al., 2008; Jokela & Casler, 2011; 
Schilling et al., 2013). The regression equations, regression coefficients and 
slope of regression lines post-ploughing were compared to those of the baseline 
period (2012-2013) (Chapter 6). The monitoring methodology was the same 
during the baseline, methods described in chapter 5 and relevant data 
discussed in chapter 6. 
    Three steps were involved in addressing question 8.2, how pollutant losses 
after ploughing compare to a permanent grassland control and the permanent 
grassland baseline period. a) Summary calculations were made for the entire 
time series and compared to those calculated during the permanent grassland 
baseline period (Chapter 5), including mean discharge, time-series precipitation, 
time-series runoff coefficients, mean time-series pollutant fluxes and loads and 
total yields. Discharge-concentration rating curves were used to estimate total 
yield of the monitoring period for SS and TONN (Bilotta et al., 2010; Glendell & 
Brazier, 2014) and the Walling & Webb method 5 (1985) was used to calculate 
total yields for TC and TP (Walling & Webb, 1985; Littlewood, 1992; Glendell & 
Brazier, 2014).  b) A storm–event dataset was extracted, following the rule-
based method described in chapter 5. Storm-event summary statistics like 
event rainfall, discharge and pollutant yields were calculated and compared to 
those calculated during the permanent grassland baseline period. c) Two- 
sample t-tests were conducted to test for differences between pre-ploughing 
and post-ploughing were tested for each field by conducting two-sample t-tests, 
and the differences between the two ploughed fields and the control field were 
tested by conducting two-sample t-tests. For TC, values measured during the 
baseline and during the post ploughing period could not be compared, because 
different analytical instruments were used in the two monitoring periods and no 
cross-instrument calibration was available. Therefore, the relative differences 
between the treatment and the control fields were compared. 
     Several steps were involved to address question 8.3, whether controls on 
fluxes and yields of sediment and macronutrients changed with respect to the 
baseline and what may be controlling pollutant losses after ploughing and 
reseeding. a) Hydrological controls on individual pollutant concentrations, loads 
and yields were tested by examining sedigraph / chemograph shapes in relation 
to hydrographs, conducting time-series rating curves between discharge and 
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pollutant concentrations and conducting regressions between event-based 
hydrology and event-based pollutant yields (relevant baseline data in chapter 
5). b) Between-field differences in pollutant concentrations, loads and yields 
were examined in relation to hypothesized causal factors and compared to the 
relationships found during the baseline period (relevant data in chapter 6). 
Hypothesized causal factors included soil nutrient contents (relevant data in 
Chapter 7) and site characteristics including topography. 
     Two steps were involved with addressing question 8.4, whether ploughing 
and reseeding altered the relative importance of pollutants through flow 
conditions and time relative to the permanent grassland period, following the 
methods in chapter 6. a) Total annual pollutant yield was calculated by 
summing all individual pollutant annual yields for each field. Then, the 
percentage contribution of each individual pollutant to the total annual pollutant 
yield for each field was calculated. b) The entire time-series was divided into 
baseflow and stormflow periods, as well as further divided into the lower 
baseflow quartile and the upper stormflow quartile for ploughed and reseeded 
field 2 (Melland et al., 2012). The mean and median pollutant concentrations as 
well as their ratios were compared throughout these periods of contrasting flow 
conditions and the duration over which these flow conditions occurred was 
expressed as a percentage of the entire time series. The results of both these 
calculations were compared to those calculated during the baseline period 
(relevant data in chapter 5). 
          To put the post-ploughing water quality results into a wider context and to 
address question 8.5; how the water quality from ploughed and re-seeded 
grassland fields compares with EU / UK recommended water quality standards, 
the percentage of 15-minute time-step data that exceeded the concentrations 
recommended in EU / UK water quality standards were calculated (Bilotta et al., 
2010; Thompson et al., 2014; Chapter 5). EU / UK water quality standards 
included the 1) EU Freshwater Fisheries Directive (FFD) (25 mg SS L-1) and a 
lower, more appropriate standard suggested by (Bilotta et al., 2012) (10 mg SS 
L-1), 2) what is considered as ‘good ecological status’ for dissolved molybdate 
reactive P (MRP) by the UK Technical Advisory Group (TAG) devised for the 
EU Water Framework Directive (< 0.04 mg MRP L-1), and 3) the Nitrates 
Directive Nitrate-N guideline of 11.3 mg L-1. Exceedance frequencies were 
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compared with those calculated during the baseline period (relevant data in 
chapter 5). 
 
IV. Results 
 
Figure 8.1 presents the entire monitoring period in terms of rainfall, discharge 
and hydrological events for each field. No discharge occurred during the 
implementation of management change in field 2 and 8, during spraying, 
fertilizer and FYM applications, when soils were bare or during early grass 
establishment. The hydrological season started in mid-October, when the 
vegetation cover was already well established, and a high number of discrete 
rainfall-runoff events occurred throughout the autumn, winter and spring (field 2: 
35 events, field 5: 43 events, field 8: 44 events). The post-ploughing period 
received less rainfall (1032 mm) compared to the permanent grassland baseline 
period (1173 mm rainfall for the equivalent time period). However, the temporal 
distribution of rainfall and discharge was different during the two periods. Even 
though discharge only occurred for 65 % of the 15-minute time intervals during 
the post-ploughing period (compared to 93 % during the baseline period), total 
time-series runoff coefficients (51.2 %) were larger post-ploughing than during 
the baseline period (48.2 %). 
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A. Can changes be detected between baseline water quality from 
permanent grasslands the previous year and post-ploughing and 
reseeding water quality?  
 
Changes were detected between the baseline period and the post-ploughing 
and reseeding period. The regression equations and slopes of regression lines 
between the control field and the ploughed fields changed (positively) relative to 
the baseline (Figure 8.2; Table 8.1). Regression coefficients were very large for 
rainfall (ploughed fields versus control field: 0.85 - 0.88) and for discharge (0.88 
- 0.92). The pollutant concentrations were still correlated between the ploughed 
fields and the control field, but regressions were less strong than during the 
baseline. Additionally, the slopes of all paired control-treatment regression lines 
increased from the baseline to the post ploughing period (Figure 8.2), because 
the concentrations in the treatment fields were greater than those in the control 
field. 
 
Figure 8.2. Regression relationships between each treatment and control field, for the 
permanent grassland baseline period (solid lines) and for the post ploughing and 
reseeding period (dashed lines). a) Suspended sediment (SS), b) total oxidized 
nitrogen-N (TONN), c) total carbon (TC), and d) total phosphorus (TP). The regression 
equations are given in table 8.1. 
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Table 8.1. Linear regression between a) the control field and 
field 8, and b) between the control field and field 2; both for the 
baseline period when the three fields were managed as 
permanent grasslands and after ploughing and reseeding, 
when field 2 and 8 were ploughed and reseeded and the 
control field remained as permanent grassland. 
a) Permanent Grassland   After Ploughing 
* Control (Field 5) vs Field 8   Control (Field 5) vs Field 8 
Rain 
P<0.001 R
2
= 0.8 
 
P<0.001 R
2
= 0.85 
y=0.006 + 0.95x 
 
y= 0.18 + 0.91x 
Flow 
P<0.001 R
2
= 0.88   P<0.001 R2= 0.85 
y=0.07 + 1.02x   y=0.19 + 0.91x 
SS 
P<0.001 R
2
= 0.7   P<0.001 R
2
= 0.57 
y=7.26 + 0.45x   y=-8.51 + 3.29 
TONN 
P<0.001 R
2
= 0.46   P<0.001 R
2
= 0.36 
y= -0.09 + 0.43x   y=-0.27 + 2.47x 
TC 
P<0.001 R
2
= 0.49   P<0.001 R
2
= 0.84 
y= 0.47 + 0.65x   y= 1.53 + 0.95x 
TP 
P<0.001 R
2
= 0.51   P<0.001 R
2
= 0.5 
y=0.02 + 0.52x   y=0.02 + 1.53x 
b) Permanent Grassland   After Ploughing 
* Control (Field 5) vs Field 2   Control (Field 5) vs Field 2 
Rain 
P<0.001 R
2
= 0.82 
 
P<0.001 R
2
= 0.88 
y= 0.005 + 0.95x 
 
y = 0.006 + 0.89x 
Flow 
P<0.001 R
2
= 0.92   P<0.001 R
2
= 0.88 
y=0.03 + 0.81x   y=0.25 + 0.81x 
SS 
P<0.001 R
2
= 0.6   P<0.001 R
2
= 0.36 
y=4.87 + 0.47x   y=5.81 + 1.24x 
TONN 
P<0.001 R
2
= 0.63   P<0.001 R
2
= 0.12 
y= -0.03 + 0.82x   y= 0.08 + 1.99x 
TC 
P<0.001 R
2
= 0.52   P<0.001 R
2
= 0.62 
y= 1.5 + 1.27x   y= 2.56 + 0.77x 
TP 
P<0.001 R
2
= 0.57   P<0.001 R
2
= 0.1 
y=0.03 + 0.44x   y=-0.09 + 0.03x 
* SS, suspended sediment; TONN, total oxidized nitrogen-N; TC, total 
carbon; TP, total phosphorus  
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B. How do pollutant losses after ploughing and reseeding compare 
to a permanent grassland control and the permanent grassland 
baseline period? 
 
Ploughing and reseeding significantly increased the concentrations, loads and 
yields of all pollutants relative to the permanent grassland baseline period and 
the grassland control field (Table 8.2; Figure 8.3). SS and TONN mean 
concentrations almost doubled in the ploughed fields compared to the baseline 
period. TP increased from 49 mg L-1 to 55.76 mg L-1 in field 2 and from 47.57 
mg L-1 to 73.04 mg L -1 in field 8. TC losses could not be compared between the 
baseline and post-ploughing period (change of analytical instrument between 
the monitoring periods with no cross-calibration available), but TC 
concentrations, loads and yields increased in the ploughed fields in relation to 
the control field, which had larger TC losses during the baseline. The ranking of 
pollutant concentrations, loads and yields was altered; the control field now had 
consistently lower pollutant concentrations, loads and yields compared to the 
ploughed fields, even though it had significantly higher pollutant losses than the 
other two fields during the baseline period (Table 8.2). The ranked order of 
pollutant losses between the two ploughed fields remained the same, field 8 lost 
more SS and TP than field 2, but field 2 lost more TONN and TC than field 8.
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Figure 8.3. Between-field differences in means of each monitored water quality 
property, for both the permanent grassland baseline period (2012 - 2013) and the post-
ploughing treatment period (2013 - 2014), a) suspended sediment (SS), b) total 
oxidized nitrogen-N (TONN), c) total phosphorus (TP) and d) total carbon (TC)*. 
Significant differences, determined by two sample t-tests, are visualized by different 
letters (a,b,c,d,e,f). The boxes visualize the lower to the upper quartile, the line the 
median and the upper whisker the upper quartile + 1.5 * the interquartile range and the 
lower whisker the lower quartile – 1.5 * the interquartile range. Dots visualize the 5th 
and 95th percentile. 
*Different analytical instruments without available cross-calibration were used between the two 
monitoring periods. Therefore, the relative differences between the treatment and control fields 
were compared and not comparison could be conducted before and after ploughing. 
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Table 8.3. General overview of the three fields’ event-based 
hydrological characteristics (mean, median, minimum and 
maximum) and number of captured events. 
Field   
Event 
Total  
 Event 
Discharge 
Peak 
Discharge 
Rainfall-
runoff 
coefficient 
    mm 1000L L s
-1
 % 
2 
Mean 15.5 1041.4 35.7 51.64 
Median 12.6 845.5 18.2 49.04 
Minimum  2.5 167.8 6.9 17.68 
Maximum 48 3220.8 126.7 92.08 
N 35 35 35 35 
Control  
Mean 10.6 577.8 40.00 74.31 
Median 7.6 335.0 21.2 75.19 
Minimum  2.4 119.4 6.8 3.42 
Maximum 39.8 3301.0 142.1 125.86 
N 42 42 42 42 
8 
Mean 16.0 593.1 36.1 45.95 
Median 12.1 343.4 20.5 47.66 
Minimum  2.8 83.7 8.0 16.06 
Maximum 64.8 3411.0 132.5 72.80 
N 44 44 44 44 
 
 
 
- 192 - 
 
 
 
- 193 - 
 
C. Have controls on fluxes and yields of sediment and 
macronutrients changed with respect to the baseline period and 
what may be controlling pollutants after ploughing? 
 
Controls on fluxes and yields of sediment and macronutrients changed after 
ploughing with respect to the baseline period. The relationships between 
pollutant concentrations and discharge remained the same, but the ploughed 
fields, despite having significantly lower soil nutrient contents compared to the 
control field (Chapter 7), yielded significantly more macronutrients than the 
control field; a reversal from the baseline period. The ranked order of losses 
and soil contents between the two treatment fields did not change with 
ploughing. 
     The pollutants’ behaviour with respect to discharge was the same after 
ploughing. Suspended sediment and TP peaks preceded or coincided with the 
hydrograph peaks, but the SS peaks were generally higher in ploughed fields 
than in the control field. Total oxidized N was diluted by high flows, but both 
high base-flow TONN concentrations and lower diluted storm-flow 
concentrations were consistently higher in the ploughed fields compared to the 
control field. Total C illustrated mixed behaviour with discharge, from peak TC 
concentrations coinciding or preceding with peak discharge to dilution of TC by 
high flows. Therefore, the time-series rating curves between discharge and 
pollutant concentrations remained significantly positive for SS, TP and TC, and 
significantly negative for TONN, but the variance explained by discharge was 
smaller in all fields compared to the baseline period, including the control field 
(Flow versus SS: 25.3 % - 61.4 %, TP: 9.7 % - 16.8 %, TONN: 20.2 % - 46.0 %, 
TC: 20.8 % - 53.2 %).  
     What was different in this monitoring period compared to the baseline was 
that TONN concentrations were large as soon as discharge occurred after the 
dry summer (no discharge for 3 months), and gradually declined throughout the 
first few months of discharge (Figure 8.3). Also, TC concentrations in the 
ploughed fields showed a pattern that was not seen during the baseline period. 
TC concentrations always increased with discharge before the high flow events 
in December, and high discharge caused a dilution of TC concentrations during 
the high flow events after December.  
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D. Has ploughing and reseeding affected the relative importance of 
pollutants through flow conditions and time relative to the 
permanent grassland baseline period and control fields? 
 
The relative importance of pollutants through flow conditions and time changed 
after ploughing and reseeding relative to the permanent grassland baseline 
period and the control field. Ploughing and reseeding did not affect the 
contribution of individual pollutants to the overall total pollutant yield, the order 
was SS > TC > TONN > TP before and after ploughing / reseeding and in the 
control field (Table 8.1). However, the proportions of contribution to overall 
pollution losses and macronutrient ratios were altered after ploughing and 
reseeding. The contribution of SS increased by approximately 10 – 14 %, TONN 
by approximately 1.7 %, whilst TC reduced by approximately 10 % and TP 
reduced by 0.1 – 0.9 %. The TC:TONN ratio reduced by approximately 30 – 70, 
TC:TP remained similar and TONN:TP increased by approximately by 10. 
However, TONN:TP ratio also increased in the control field in 2013 compared to 
the control field in 2012. 
 
Table 8.5. Percentage of the contribution of each pollutant to the 
overall annual pollutant yield and annual yield macronutrient 
ratios for the two ploughed and reseeded grassland fields (Field 2 
and 8) and the permanent grassland control. 
  Field 2 Control Field 8 
Total annual pollutant* yield kg ha
-1
 446.66 265.33 642.87 
% of total annual pollutant yield: 
   SS 74.75 62.34 83.44 
TC 23.21 36.69 16.00 
TONN 1.95 0.88 0.51 
TP 0.08 0.09 0.05 
Macronutrient ratios: 
   
TC:TONN 11.89 41.61 31.46 
TC:TP 296.26 423.30 311.73 
TONN:TP 24.91 10.17 9.91 
* SS, suspended sediment; TC, total carbon, TONN, total oxidized nitrogen-N; 
TP, total phosphorus 
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Ploughing also altered the mean and median pollutant concentrations and ratios 
in field 2 during different flow conditions, compared to those reported for field 2 
during the baseline period (Table 8.6).  Mean and median pollutant 
concentrations and ratios changed considerably between baseflow and 
stormflow conditions, as was the case in the previous year when the field was 
managed as permanent grassland. Baseflow occurred for up to 56 % of the time 
series (if pollutants are assumed to show the same behaviour at flow rates < 0.2 
L s-1, when no discharge water was monitored, as they do during baseflow > 0.2 
L s-1, when discharge water was monitored). Generally, SS and TP 
concentrations increased with rising flow rates, whilst TONN decreased with 
rising flow rates, the same behaviour as was observed during the permanent 
grassland baseline period. However, SS:TONN ratios were always smaller after 
ploughing than before ploughing, SS:TP slightly larger and TONN:TP always 
greater. 
     Ploughing / reseeding altered the differences between macronutrient ratios 
in water and macronutrients ratios in the soil. The TC:TONN ratio in water was 
closer to that in the soil after ploughing than during the baseline period  and 
TONN:TP ratios were greater than those in soil, a rise relative to the baseline 
period. 
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E.  How does water quality from ploughed and re-seeded grassland 
fields compare to EU / UK recommended water quality 
standards? 
 
EU water quality guidelines for SS and TP were frequently exceeded in all 
fields, but the ploughed fields had larger exceedance frequencies than the 
control field (Table 8.5). Exceedance frequencies increased in the ploughed 
fields, and decreased in the control field in relation to the baseline period. 
Approximately 20 - 30 % of all SS samples from the ploughed fields exceeded 
the Freshwater Fisheries Directive (FFD) (control field: 7 %) and 70 – 80 % 
exceeded the lower 10 mg L-1 standard (control field: 42.77 %). Approximately 
50 % of all TP samples in the ploughed fields did not to meet good ecological 
status (control: 22 %). TONN occasionally exceeded the Nitrates Directive in the 
ploughed fields (2 - 3%), but not at all in the control field; an increase with 
respect to the baseline period. 
 
Table 8.7. The percentage of all suspended sediment (SS), total P (TP), and 
total oxidized nitrogen-N (TONN) samples exceeding water quality guidelines 
in the discharge water of two ploughed and reseeded grassland fields (Field 
2 and 8) and a permanent grassland control. 
  
Field 
2 Control 
Field 
8 
SS 
   > FFD (>25 mg SS L -1) * 20.13 6.69 28.39 
> 10 mg L
-1
 69.57 42.77 77.69 
TP 
   fail ‘good ecological status’ (> 0.04 mg DRP L-1) *1 55.55 22.06 52.39 
fail ‘moderate ecological status’ (> 0.15 mg DRP L
-1
) *
1
 3.41 1.64 6.88 
TONN 
   
fail Nitrates Directive (> 11.3 mg NO3
-
-N L
-1
) 3.94 0 2.86 
* FFD, EU Freshwater Fisheries Directive. 
*
1 
DRP,
 
dissolved reactive phosphorus. 
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A summary of the key effects of ploughing and reseeding on the monitored 
diffuse pollutants is presented in table 8.8. 
 
Table 8.8. Summary of key effects of ploughing and reseeding on multiple 
pollutants from grasslands. 
  
Suspended 
Sediment 
Total 
Phosphorus 
Total 
oxidized 
Nitrogen-N 
Total 
Carbon 
concentrations, loads and yields ↑ ↑ ↑ ↑ 
     relative importance ↑ ↓ ↑ ↓ 
     exceedance of water quality 
guidelines ↑ → ↑ ↑ 
 
 
V. Discussion 
 
A. Can change be detected between baseline (permanent 
grasslands the previous year) and post-ploughing?  
 
This study is the first to use a paired design to assess the effects of ploughing 
and reseeding on diffuse water pollution from grasslands. A significant change 
between the baseline period and post-ploughing was detected. The response of 
pollutants to discharge was changed by the management intervention of 
ploughing and reseeding. While rainfall and discharge were highly correlated 
between the control field and the treatment fields, both in the baseline period 
and post-ploughing, the regression equations and slopes of regression lines of 
pollutants between the control field and the treatment fields changed in 
agreement with the work of several researchers (Bishop et al., 2005; King et al., 
2008; Jokela & Casler, 2011; Schilling et al., 2013; Veum et al., 2009), albeit at 
a different observation scale. The fundamental requirement of paired studies 
was met (that the catchments (or fields in this case) respond to rainfall in similar 
ways); regressions for discharge were as strong as 0.88 and 0.92. Therefore, 
only 8 – 12 % of the changes in water quality may be explained by altered 
discharge, but most of the variability can be attributed to the effects of ploughing 
and reseeding and its subsequent effects on how the field-scale systems 
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responded. Consequently, despite inter-annual variability in rainfall and 
discharge, change seen after ploughing cannot be attributed to changes in 
extrinsic factors such as the weather, but can be attributed to the management 
change itself. 
 
B. How do pollutant losses after ploughing and reseeding compare 
to a permanent grassland control and the permanent grassland 
baseline period? 
 
Pollutant losses, in terms of concentrations, loads and yields increased in the 
treatment fields in the first hydrological season after ploughing and reseeding 
compared to their losses when they were managed as permanent grassland 
and compared to the permanent grassland control field.  Therefore, the ranking 
in terms of pollutant losses reversed, the ploughed and reseeded fields had 
significantly larger pollutant losses than the control field.  
     Such increases in SS and TP losses were expected from previous research 
on ploughed and reseeded grassland reported in the literature (SS: Sharpley, 
2003; Grandy & Robertson, 2006; Butler & Haygarth, 2007; TP: Addiscott & 
Thomas, 2000; Sharpley, 2003; Butler & Haygarth, 2007). This is, however, the 
first study to demonstrate the increase of N and C losses in discharge water 
after ploughing and reseeding of grasslands.  
    Chapter 5 showed that pollutant losses from permanent grasslands (> 6 
years without ploughing and reseeding) were similar to or exceeded those 
reported for mixed land-use and even arable land, especially in terms of SS, TP 
and TC. Here, ploughing the same fields accelerated the already significant 
losses of SS, TP, TC and TONN. Therefore, the contribution of grasslands to 
overall agricultural diffuse pollution may have been underestimated, especially 
immediately after ploughing permanent grasslands (Chapter 5 and references 
therein). 
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C. Have controls on fluxes and yields of sediment and 
macronutrients changed with respect to the baseline and what 
may be controlling pollutants after ploughing? 
 
Ploughing and reseeding changed the controls on fluxes and yields of sediment 
and macronutrients. Pollutants were mobilized and transported by the same 
processes as during the permanent grassland baseline, demonstrated by the 
same behaviour with discharge as during the baseline period, but the 
relationships between soil nutrient content and nutrient losses in discharge 
water reversed. The control field with the highest nutrient contents (nutrient 
source) compared to the ploughed fields had the lowest nutrient losses. 
Therefore, the availability or vulnerability of soil particles and soil nutrients for 
mobilization (in combination with site characteristics, such as topography), 
irrespective of the soil nutrient contents, may be controlling sediment and 
nutrient fluxes and yields after ploughing. The following section discusses these 
mobilization processes and how availability or vulnerability to mobilization may 
have altered with ploughing and reseeding. 
     Suspended sediment was mobilized and transported by physical detachment 
and hydrological transfer in all fields (Chapter 5), but sediment particles were 
more vulnerable to mobilization after ploughing and reseeding compared to the 
permanent grassland baseline period and the control field. The soil is less 
stable after ploughing and therefore more vulnerable to detachment (Butler & 
Haygarth, 2007). Particles previously protected as macroaggregates are broken 
down resulting in less dense and smaller microaggregates, which can be more 
easily detached (Grandy & Robertson, 2006). Further protection by dense root 
biomass is also reduced after ploughing and reseeding (Gyssels, 2005; Acharya 
et al., 2012). Therefore, more sediment was detached and transported to the 
flumes in the ploughed and reseeded fields compared to the control field, as 
has been observed in arable landscapes when bare soil is exposed particularly 
in the autumn months (Grandy & Robertson, 2006). 
  
    Total P was mobilized and transported by hydrological transfer during high 
flows, in a similar manner like SS in all fields (House & Warwick, 1998; Bowes 
et al., 2005), but increased rates of TP were mobilized after ploughing and 
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reseeding even though the ploughed fields had lower soil TP contents than 
during the baseline period and the control field (Chapter 7). Increased 
mobilization and transport of TP, especially sediment- associated TP in 
ploughed fields may be due to a higher potential for sediment-bound P to be 
transported (Butler & Haygarth, 2007). The sediment transported to the flumes 
in ploughed fields may be enriched with P compared to grassland fields, 
because ploughing increases soil P sorption capacity by aggregate break down 
and soil mixing (Sharpley, 2003; Butler & Haygarth, 2007). Ploughing exposes 
soil particles that were previously protected from sorption by aggregates, soil 
particles from lower soil horizons with high P sorption capacity as well as 
smaller soil particles with higher surface areas (Sharpley, 2003; Butler & 
Haygarth, 2007). Therefore, the proportion of TP transported as particulate P 
may be increased after ploughing, as was reported by Butler and Haygarth 
(2007), who distinguished between particulate and dissolved P in their analysis. 
 
     Total oxidized N was mobilized by diffusion of dissolved oxidised N in the 
soil water to rain water in all fields, with greater diffusion and therefore 
mobilization when the rain water is slowly moving through the soil matrix during 
low flows (Gächter et al., 2004; Granger et al., 2010, Chapter 5). The availability 
of TONN to mobilization by diffusion increased with ploughing. Ploughing and 
reseeding causes mineralization of previously protected organic matter and with 
that mineralization of organic N, so that the overall N content may be reduced 
but the mineral proportion of N may have increased (Bhogal, 2000; Shepherd, 
2001; Eriksen et al., 2004; Hansen et al., 2005). The increased mineral soil N is 
not all utilized by the re-sown vegetation and therefore becomes excess N, 
readily available for diffusion from the soil water and is gradually washed out 
(Bhogal, 2000; Shepherd, 2001; Eriksen et al., 2004; Hansen et al., 2005; 
Bernsten et al., 2006). The suggested increase in soil mineral N after ploughing 
is confirmed by the higher soil TC:TN ratios in the ploughed field than the 
control field (Chapter 6, Mooshammer et al., 2012). 
     Total oxidized N concentrations were large with the onset of discharge and 
decreased continuously until the onset of high flows at the end of December, a 
pattern that was not seen during the baseline sampling period. The “flushing” of 
mineral N after a long dry period has been reported before (Shepherd, 2001) 
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and may be attributed to a) high SOM turnover and additional FYM and N 
fertilizer inputs over the summer that were not all taken up by the vegetation 
(Shepherd, 2001; Gächter et al., 2004) and b) increased rates of N 
mineralization in rewetting soils after a long dry period (Frier & Schimel, 2002). 
Rewetting may cause microbes to release intracellular solutes, which can then 
be rapidly mineralized by other microbes and transported to surface waters 
(Frier & Schimel., 2002).  
     Total oxidized N concentrations in discharge water were gradually reduced 
throughout the monitoring period, and were comparable to those in the control 
field at the end of the monitoring period. It remains to be quantified whether a 
residual ploughing increase of N losses will remain or whether N losses will 
revert back to pre-ploughing levels long-term (Shepherd, 2001). 
     The mobilization processes of TC are not as well understood compared to 
the other pollutants. This is partly because less research has been conducted 
on TC mechanisms from grasslands or agricultural land (Chapter 5), but also 
because the monitoring resolution for TC in this study was much lower than that 
for the other pollutants (Chapter 5). Water leaving the ploughed fields had 
consistently greater TC concentrations, loads and yields in discharge water, 
despite having significantly lower soil TC contents (Chapter 7), a reversal of the 
baseline period (Chapter 6). An increase in the TC content of SS (or what was 
herein considered as SS: particles above a certain size, which can also include 
coarse organic matter particles) is often seen after ploughing (Owens et al., 
2002; Haygarth et al., 2006; Kuhn et al., 2009). The large TC content of SS may 
be due to either increased binding of SOM to sediment after ploughing or 
mobilization of lighter SOM-sediment microaggregates that were previously 
protected in heavier macroaggregates (Grandy & Robertson, 2006).  Also, it 
may be light, labile organic matter particles which become more vulnerable to 
mobilization (Lal, 2005; Grandy & Robertson, 2006; Zhang et al., 2006). Light 
organic matter particles may have been ‘washed out’ by the first storm events 
followed by little particulate SOM being transported once the high-flow storm 
events started end-December. Dissolved C may also be more vulnerable / 
available to mobilization after ploughing, as SOM that was previously protected 
in macroaggregates now gets dissolved in the soil water or by rainwater moving 
over and through the soil matrix (Six et al., 2000).  
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D. Has ploughing and reseeding affected the relative importance of 
pollutants through flow conditions and time relative to the 
permanent grassland baseline period and control field? 
 
This is the first study to present macronutrient ratios and pollutant ratios in 
discharge water from ploughed and reseeded grasslands. In addition to 
accelerating diffuse pollutant losses, ploughing and reseeding altered the 
relative importance of pollutants. SS and TONN concentrations increased at 
similar rates, but greater rates than those of TC and TP losses. Therefore, the 
relative importance of TC and TP reduced with ploughing and reseeding. The 
largest increase in relative importance was that of TONN, which is particularly 
important as the Farm Platform is situated within a Nitrate Vulnerable Zone, 
where eutrophication of the River Taw is an issue (Haygarth et al., 2005a; EA, 
2009; Maier et al., 2012). Long-term monitoring therefore is required to quantify 
the effect of ploughing and reseeding on diffuse water pollution, to see whether 
there is a long-term shift in the relative importance of pollutant losses. The fact 
that ploughing and reseeding altered the short-term relative importance of 
pollutants emphasizes the need for synchronous monitoring of multiple 
pollutants to identify management practices that (ideally) simultaneously reduce 
all pollutants. 
     The anticipated mobilization and transport pathways were confirmed by the 
changing TONN:TP ratios with flow conditions. High TONN:TP ratios during low 
flows and a dramatic reduction in TONN:TP ratios during high flows confirms 
slow subsurface flows to be mobilizing and transporting N, whereas high 
surface runoff flows are mobilizing and transporting P (Green et al., 2007). With 
the rise of TONN concentrations and losses after ploughing, TC:TONN overall 
yield ratios have become closer to the soil source TC:TN ratios, showing that 
these are lost more in proportion of the available source compared to the 
baseline period (Chapter 6). 
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E. How does water quality from ploughed and re-seeded grassland 
fields compare to EU / UK recommended water quality 
standards? 
 
Ploughing and reseeding exacerbated the frequencies by which SS and TP 
from grassland exceeded EU / UK water quality guidelines (Chapter 5). The 
lower, more appropriate 10 mg SS L-1 guideline was exceeded by 70 – 80 % 
throughout the sampling period and more than 50 % of TP samples did not 
meet good ecological status. Additionally, the Nitrates Directive (11.3 mg L-1) 
was exceeded for 2 - 3 % of the time series, which was not exceeded during the 
permanent grassland monitoring period. Therefore, recently ploughed and 
reseeded grasslands do not comply with water quality guidelines. More regular 
ploughing of the grasslands in the Taw catchment (to pursue so-called 
sustainable intensification of farming), the receiving catchment of the Farm 
Platform, covered by approximately 80 % grassland, may exacerbate already 
documented SS, TP and N problems (Haygarth et al., 2005a; EA, 2009; Maier 
et al., 2012). Additionally, exceedance frequencies may have been a lot higher 
if the summer had not been as dry. Heavy rainfall during spraying, when soils 
were bare, and immediately after fertilizer and FYM applications, would have 
most likely caused high summer pollutant concentrations and exacerbated 
guideline exceedance frequencies (Preedy et al., 2001). Pollutant 
concentrations from these ploughed grassland fields would also exceeded 
water quality standards set outside the EU, such as in the USA (SS guideline 
similar to the lower 10 mg L-1 standard used here and the P standard lower than 
the good ecological standard (USEPA, 2000).  
     The amount of 15-minute time-steps that exceeded the Nitrates directive 
may seem low, but N losses from ploughed grasslands are likely to impose a 
threat to the receiving surface water. Several fractions of N that are likely to 
impact on aquatic biota are not included in the Nitrate-N standard. For example, 
Nitrite, a small component of TONN, is known to be toxic to aquatic fauna even 
at low concentrations (Lewis & Morris, 1986; Granger et al., 2010). Also, 
organic N mobilization and transport is likely to have increased after ploughing 
with increased erosion of SOM, and organic N has been demonstrated to be 
bioavailable (See et al., 2006). Therefore, N guidelines outside the EU are set 
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for total N (USEPA, 2000). The high TC concentrations from these ploughed 
grasslands may pose a threat to surface water quality, even though C 
guidelines have not yet been set for surface waters (Edwards et al., 2008; 
Sandford et al., 2013; Chapter 5). 
 
     It remains to be quantified, whether exceedance frequencies remain high 
after ploughing grasslands or whether there may be long-term pollutant 
reductions. Any potential water quality benefits of sustainable intensification 
measures that include ploughing and reseeding of grasslands will have to 
compensate for those short term accelerated diffuse pollution rates reported 
here. 
 
VI.  Conclusion 
 
This is the first study to monitor the effects of ploughing and reseeding of 
grasslands on the delivery of multiple pollutants, sediment and the 
macronutrients N, P and C, at high resolution. Monitoring was conducted 
throughout the first hydrological season after ploughing and therefore this paper 
reports on the short-term effects of ploughing and reseeding grasslands. A 
paired experimental design was employed so that data from ploughed and 
reseeded field could be compared to a pre-monitored baseline period when the 
fields were managed as permanent grasslands, as well as a permanent 
grassland control field during both the baseline and the post-ploughing period. 
     A clear effect of ploughing and reseeding on water quality could be detected 
with help of the paired design (Question 8.1): Ploughing and reseeding of 
grasslands caused accelerated pollutant losses in the first hydrological season 
after ploughing and reseeding with respect to previous losses when all fields 
were managed as permanent grassland and to a grassland control field 
(Question 8.2). Even though such diffuse pollution increases after ploughing 
and reseeding were to be expected, this is the first study in ploughed and 
reseeded grasslands to demonstrate SS and TP losses at such high resolution 
and the first study to measure actual N losses in discharge water and to 
demonstrate TC losses from ploughed and reseeded grasslands. High 
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resolution monitoring gave insight into pollutant dynamics and the comparison 
with soil conditions gave insight into mobilization of nutrients with respect to the 
soil nutrient pools; water quality in combination with soil conditions has never 
been quantified in ploughed and reseeded grasslands. The controls on fluxes 
and yields of sediment and macronutrients have changed with ploughing and 
reseeding: pollutants still responded to discharge the same way as during the 
permanent grassland baseline, but the relationship between soil nutrient content 
and nutrient losses have reversed. The availability or vulnerability of soil 
particles and macronutrients to mobilization, irrespective of soil nutrient 
contents, may be controlling fluxes and yields of sediment and macronutrients 
from ploughed/reseeded grassland fields (Question 8.3). Ploughing and 
reseeding caused a shift in the relative importance of pollutants, with a dramatic 
increase in the relative importance of N losses (Question 8.4). 
     Compliance with water quality guidelines is challenging a year after 
ploughing/ reseeding permanent grasslands. A general increase of percentage 
exceedance was seen compared to the baseline period or the permanent 
grassland control. Ploughing / reseeding grasslands is very likely to exacerbate 
the already existing water quality issues in terms of all SS, P, N and C in the 
receiving surface water, the Taw River (Question 8.5).  
     This study contributes to the growing evidence that grasslands significantly 
contribute to overall agricultural diffuse pollution, especially even more so after 
ploughing and reseeding. 
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This chapter quantified the effects of ploughing and reseeding grasslands on 
sediment and macronutrient fluxes and yields and their relative importance. It 
has addressed questions that were raised by previous chapters. Ploughing and 
reseeding accelerated the fluxes and yields of sediment and the macronutrients 
carbon, nitrogen and phosphorus, thereby exacerbating the high diffuse 
pollution rates that were presented from permanent grasslands, which were 
found to be similar to or exceeding the losses reported from other grasslands, 
mixed land-use and arable sites. Therefore, regularly ploughing and reseeding 
grasslands increases the threat that grasslands pose to receiving surface 
waters (question raised by chapter 5). Ploughing and reseeding has also altered 
the relationship between soil status and water quality status between the fields; 
suggesting  shift from the importance of the available source in the soil 
controlling the between-field differences in water quality,  to mobilization 
pathways controlling the between-field differences in water quality (question 
raised by chapter 6 and chapter 7). As this chapter only addressed the short-
term effects of ploughing and reseeding on soil erosion and diffuse pollution, 
further questions were raised about the long-term effects. 
 
The next chapter concludes this thesis by summarising the key findings of this 
thesis and discussing areas of further research. 
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Chapter 9 
 
Summary, Areas of Further Research, and Conclusions 
 
I. Summary of key findings 
 
This thesis presents an improved understanding of the effects of different 
grassland management practices on the soil-to-water transfer continuum. The 
initial focus describes the effect of permanent grassland management 
(permanent for at least 6 years with the same management, but different 
grassland management > 6 years ago) on soil and water quality. The latter part 
of this thesis studies the short-term effects of ploughing and reseeding of 
permanent grassland fields, again on soil and water quality. A before / after 
(permanent grassland baseline characterization followed by treatment 
implementation of ploughing and reseeding) and control / treatment 
experimental design (one field remained as the baseline management whilst 
two other fields were ploughed and reseeded) was employed and proved to be 
useful in detecting the effects of management change. A significant change 
after ploughing and reseeding was detected despite high year-to-year variation 
both in soil and water properties. 
 
     Figure 9.1 shows the original conceptual framework setting out the overall 
aim of this PhD and the specific questions that were asked to increase the 
understanding of the effects of the different grassland management approaches 
on the individual soil-to-water transfer continuum components, from source, 
mobilization & transport to delivery to surface waters and the potential impacts 
of those diffuse pollutants in the receiving surface waters. These questions 
were addressed in five results chapters / papers. The following chapter 
summarises the key findings, split into two parts, first the effects of conventional 
permanent grassland management (Figure 9.2) and second the effects of 
ploughing and reseeding (Figure 9.3). 
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A. The effects of permanent conventional grassland management 
on the soil-to-water transfer continuum 
 
This section summarises the knowledge that was gained by this thesis towards 
understanding the effects of permanent conventional grassland management on 
each component of the soil-to-water transfer continuum (Figure 8.2). 
 
Source: Pollutant sources were shown to be spatially variable within grassland 
fields, despite homogeneous fertilizer application, homogeneous physical soil 
management and homogeneous crop cover for the past 5 years. Therefore, the 
three grassland fields did not provide uniform soil sources for diffuse pollution. 
Spatial variation existed within fields and the three sampled fields were 
significantly different in terms of their mean soil properties. Soil nutrient contents 
were comparable to those in other grasslands and greater than those reported 
for arable sites. The distribution of soil properties was significantly different in 
each field and also significantly different between areas within fields. The soil 
properties varied over lag distances of 40 - 111 m, depending on the soil 
property of interest illustrating that future soil sampling strategies to characterize 
soil quality should take these levels of spatial variation into account.  Between-
field and within-field spatial variation was mostly caused by past management 
influences, but also by topography and resulting water movement through fields 
as well as the aggregation of grazing livestock in certain areas of the fields. Soil 
nutrients accumulate at the soil surface over the time since last ploughing in 
permanent grasslands. 
Mobilization & Transport: Discharge was mostly dependent on antecedent soil 
moisture conditions and high flows were caused by saturation-excess rather 
than infiltration-excess overland flow. Sediment and P were mobilized by 
hydrological flushing from the soil surface, whereas TONN was mobilized by 
diffusion from soil water. Total C mobilization processes were not clear, but 
were likely to be a mixture of hydrological flushing of sediment-associated C 
and diffusion of dissolved C. Total C was lost disproportionately to the soil TC 
pool, C:N and C:P ratios in the water were an order of magnitude higher than 
those in the soils, whereas N:P ratios in water were similar to those in the soil. 
The size of the available soil source pool (soil nutrient content) and the 
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mobilization potential (water movement through the field, caused by a 
combination of rainfall and topography) explained the differences in diffuse 
water pollution concentrations and rates between the fields. The field with the 
greatest soil nutrient contents had the highest diffuse nutrient losses. 
Delivery to Surface Waters: Sediment, TP and TC delivery from permanent 
grasslands were similar to or exceeded those reported for other grasslands, 
mixed land-use and arable sites, whereas TONN losses were less than those 
reported from arable studies and earlier grassland studies. The relative 
importance of pollutants varied greatly and changed rapidly through flow 
conditions and time. In short, the relative importance of SS, TP and TC 
increased during high flows, whilst the relative importance of TONN increased 
during low flows. 
Potential Impacts: Permanent grasslands pose a significant threat to water 
quality. Sediment and P concentrations frequently exceeded EU and UK water 
quality guidelines. High TC exports are likely to reduce dissolved oxygen in the 
receiving surface water. Even though TONN did not exceed the NO3
- guidelines, 
organic N that was not monitored here may have significant impacts on 
receiving waters.  
     Overall, the three sampled fields can be considered to be functioning 
differently, or areas of individual fields were functioning differently. Long-term 
management differences (more than 6 years ago) have affected soil properties 
and altered soil processes, such as nutrient cycling within and between fields. 
Those differences in soil properties and nutrient cycling processes, in 
combination with inherent differences between the fields (such as within-field 
topography) support different nutrient sources and mobilization potentials which 
subsequently caused the differences in sediment and nutrient delivery to 
surface waters from the fields. 
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B. The effects of ploughing and reseeding grasslands on the soil-
to-water transfer continuum 
 
This section summarises the knowledge that was presented in this thesis 
towards understanding the effects that ploughing and reseeding of grasslands 
has on each component of the soil-to-water transfer continuum (Figure 8.3). 
The effects of ploughing and reseeding are discussed as a change from those 
of the permanent conventional grassland management. 
 
 Source: Ploughing and reseeding grassland fields caused significant increases 
in soil surface bulk density. There may have been an effect of sward age in 
terms of soil nutrients: all nutrient concentrations were significantly reduced in 
the older grassland field (no ploughing for 20 years), but not in the younger 
grassland field (no ploughing for 6 years). Spatial variation between and within 
fields remained after ploughing and reseeding; a single ploughing operation did 
not override pre-existing differences between the fields. Between-field 
differences and spatial variation within the fields are still likely to be caused by 
different past management practices. 
 
Mobilization & Transport: The processes by which specific diffuse pollutants 
were mobilized and transported remained the same after ploughing and 
reseeding. But the availability or vulnerability of soil particles and 
macronutrients to mobilization, irrespective of soils nutrient contents, increased 
after ploughing and reseeding. Ploughing and reseeding reduced the TC:TONN 
ratio in receiving surface water, so that they were closer to those in the soil 
compared to the permanent grassland period, but TONN:TP ratios were an 
order of magnitude greater than those in the soil. 
 
Delivery: Ploughing and reseeding of grasslands exacerbated the already 
significant diffuse pollution rates from grasslands. The transport and delivery of 
all diffuse pollutants significantly increased after ploughing. Total oxidized N had 
the greatest relative increase in concentrations after ploughing. The relative 
importance of SS and TONN increased after ploughing, whilst the relative 
importance of TC and TP decreased. 
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Potential impacts: The threats that permanent grasslands pose were 
exacerbated by ploughing and reseeding. With the significant increase in all 
pollutant losses, EU / UK water quality guidelines for SS and P were exceeded 
even more frequently than during the permanent grassland period. TONN 
exceeded the nitrate water quality standard in the ploughed fields after 
ploughing and reseeding. 
     Despite an additional year of uniform management across the two ploughed 
and reseeded fields, the fields can still be considered to be functioning 
differently. Long-term management differences affected soil properties and 
altered soil processes, so that the fields subsequently responded differently to 
ploughing and reseeding in terms of soil properties and water quality. 
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C. Implications of the research findings: for future research, for 
policy making and farm management advice 
 
The findings of this thesis have important implications for future research, for 
policy making as well as for sustainable farm management advice: 
 This thesis contributed to the growing evidence that grasslands contribute 
significantly to agricultural diffuse pollution, both when managed as 
permanent intensively managed grasslands as well as recently ploughed 
and reseeded grasslands. Additionally, the rates of diffuse pollution from 
grasslands were found not to comply with EU / UK water quality regulations. 
Such sediment and nutrient losses from intensively managed grasslands 
should be acknowledged in land management guidelines and advice for 
future compliance with surface water quality standards. Simply advising 
farmers or encouraging farmers by policies to convert arable land to 
grassland is not sufficient to reduce diffuse pollution rates. More specific 
advice is required, such as emphasizing the importance of extensive 
management, the importance of alleviating over-fertilization and surface 
accumulation in permanent grasslands and accelerated diffuse pollution 
rates shortly after ploughing and reseeding. Additionally, caution should be 
taken in prescribing any “sustainable intensification” measures that include 
ploughing and reseeding in grasslands, unless the long-term benefits of 
those measures have been shown to outweigh the short-term diffuse 
pollution costs after ploughing and reseeding. 
 
 This thesis provided an insight into the relative importance of multiple diffuse 
pollutants. The relative importance of pollutants varied greatly and changed 
rapidly through flow conditions and time. In short, the relative importance of 
SS, TP and TC increased during high flows, whilst the relative importance of 
TONN increased during low flows. Additionally ploughing and reseeding 
caused a shift in relative importance of each pollutant, by consistently 
increasing the relative importance of N. Additionally, insight into the relative 
importance of pollutants through flow conditions and time have advanced 
the understanding of mobilization processes. The shift of relative importance 
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after management intervention and the frequent changes in the relative 
importance of pollutants through flow conditions highlights the importance of 
simultaneously monitoring multiple pollutants at high resolution for a) 
research purposes and b) regulatory monitoring to classifying water quality 
status and identifying the reasons of water quality failures. The overarching 
aim should be to understand the effects of mitigation measures or 
sustainable intensification measures on multiple pollutants and their relative 
importance, to avoid shifting from one water quality issue to another. Lower 
resolution monitoring may miss certain flow conditions and may therefore 
lead to a wrong classification of surface waters and / or potentially identifying 
the wrong reasons for non-compliance, subsequently resulting in 
implementation of inappropriate mitigation measures.  
 
 This thesis presented evidence of existing spatial variation of soil properties 
within and between fields as well as differences in diffuse pollution rates 
between fields, despite at least 6 years of uniform management across all 
fields. Agricultural fields with the same land use and short-term management 
history (up to 6 years ago) but contrasting long-term management histories 
cannot be assumed to be similar in terms of mean soil properties or diffuse 
losses. High-resolution spatial sampling should be conducted in soil surveys 
to capture spatial variation, reduce uncertainty and to detect the distribution 
of soil properties and their underlying processes, which would not be 
detected by studies which only consider central tendencies between fields 
by taking a few samples per field. Such differences between fields highlight 
a) the importance of baseline characterization, b) importance of paired 
experimental design and c) the potential limitations of soil surveys that 
assume fields of the same land-use to be ‘the same’. Site specific 
management or precision agriculture may be useful tools to homogenize soil 
properties and potentially gain improved yields and water quality benefits in 
such grasslands with high soil spatial variation.  
 
 Most results in this thesis have emphasized the influence of past 
management on soil spatial variation within fields, on differences between 
fields in terms of soil properties and diffuse pollution losses, and past 
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management also had an influence on how those fields responded to 
ploughing and reseeding. Additionally, ploughing did not override spatial 
variation which is continuing to be caused by past management legacy.  
Such long-term effects of management still acting on soil properties and 
subsequently water quality indicates how long it may take to see soil and 
water quality improvements after implementing mitigation measures. 
Therefore, long-term management history always has to be included when 
interpreting soil data, where possible, and baseline characterization is 
essential prior to assessing the effects of mitigation measures.  
 
 
 
II. Areas of further research 
 
Several areas of further research have been recognized, which can be grouped 
into four main themes: 1) long-term continuation with the monitoring on the 
Farm Platform that was started in this thesis to assess long-term effects of 
management, 2) modelling of the water quality data, 3) more detailed 
monitoring of fractions of nutrients rather than just total nutrients, and 4) 
combining the soil and water quality data / research with other relevant research 
/ data to gain a more holistic understanding of the sustainability of the grassland 
management systems. 
 
A. Long-term continuation of the monitoring 
 
 This thesis quantified the short-term effects of ploughing and reseeding on soil 
properties and water quality, but the long-term effects remain to be studied. A 
long-term continuation of the monitoring that was conducted in this thesis may 
establish whether ploughing and reseeding causes a long-term acceleration of 
diffuse pollution or whether multiple pollutant losses are reduced over time as 
was found for individual nutrients by Sharpley (2003) compared to the losses 
from permanent grasslands. Additionally, long-term monitoring will quantify 
whether the different seed mixtures that were sown onto the two ploughed fields 
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have an effect on soil nutrient contents and nutrient losses, specifically in terms 
of potentially reduced N losses linked to the legume- ryegrass mixture that was 
reseeded in field 8. Another important aspect of long-term management will be 
to explore how long the effects of management legacy last in these fields 
without the implementation of site-specific management and whether the fields 
accumulate soil surface nutrients at different rates depending on their 
management history. 
 
B. Modelling the hydrology and water quality dataset 
 
Second, an important implication of the finding of this thesis was that the 
significant diffuse pollution losses from grasslands need to be included in 
policies and management decisions. Modelling of the data would develop a 
more detailed understanding of the fine-scale (hysteresis) relationships between 
hydrology and water quality, so that the detailed understanding gained by this 
dataset can eventually be included in land-use based models a) to provide more 
accurate estimates of pollutant yields than those that were provided in this 
thesis by rating curves and the Walling & Web method 5, b) correct the 
estimation of grassland contribution towards overall pollutant loads in 
catchments in land-use based models, c) to predict future water quality from 
grasslands and finally d) to integrate those models into models used for policy 
decision making, such as the models used to designate NVZ target catchments. 
 
C. More detailed monitoring of nutrient fractions 
 
Third, this thesis quantified total nutrients in soils and in water. However, 
monitoring individual forms of nutrients in both soil and water may add further to 
the understanding of the individual soil-to-water components.  
     Quantifying organic and inorganic fractions as well as particulate and 
dissolved fractions of nutrients in the discharge water may give further insight 
into mobilization processes, such as the proportion of TC, TP and TN that is 
mobilized and transported by erosion processes. Additionally, comparing how 
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the relative importance of particulate versus dissolved and organic versus 
inorganic nutrients change throughout flow conditions and time will give even 
further insight into mobilization processes throughout flow conditions and time.  
Quantifying total N and its fractions will clarify what proportion of TN was not 
quantified in this thesis by only analysing for TONN and therefore, total N losses 
can be calculated as well as macronutrient ratios in soil and water can be better 
compared. Apart from quantifying the fractions of TC, more insight may be 
gained by generally monitoring C at higher resolution. This thesis quantified 
total C in water at lower resolution than the other pollutants; TC samples were 
taken flow proportionately during storm events, but not at baseflow. Therefore, 
little inference could be made about C dynamics throughout all flow conditions 
and TC annual yields were less certain than those estimated for the other 
pollutants.  
          The total soil nutrient contents quantified in this thesis do not necessarily 
represent the fraction of nutrients that are available or vulnerable to mobilization 
and transport by subsurface or surface flows. Analysing for a range of other soil 
properties may be more useful as indicators of diffuse pollution available 
nutrients. For example, quantifying water extractable fractions of nutrients and 
SOM may better describe the proportion of the total nutrients that are available 
to mobilization and transport by rainwater (Embacher et al., 2007). Additionally, 
pH may be an influencing factor determining the mobilization of certain fractions 
of nutrients (for example P :Turner & Haygarth, 2013).  
 
     Results in this thesis suggested that potential yield and water quality benefits 
may be gained by site-specific management. However, the total nutrients 
measured do not describe the nutrients that are plant available, at least not 
under the conventional understanding that mostly inorganic nutrients are 
available. Therefore, more specific sampling of plant available nutrient fractions 
may be required to make recommendations about site-specific fertilizer 
application rates.  
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D. Towards a holistic understanding and assessment of the 
sustainability of different grassland management practices 
 
 
This thesis took a holistic approach to quantifying the soil-to-water continuum in 
grasslands as well as considering multiple agricultural diffuse pollutants. 
However, assessing the sustainability of grassland management practices does 
not only include soil and water quality related aspects, but a whole range of 
other ecosystem services. Only a full assessment of productivity and economic 
impacts as well as environmental impacts of different management practices 
can lead to a reliable assessment of the sustainability of management practices. 
Therefore, adding the data and understanding that was gained in this thesis to 
data that is already being monitored on the Farm Platform will provide a holistic 
dataset. Already monitored data on the Farm Platform includes productivity 
monitoring (grass yields, live weight gain, nutritional quality of the grass crop 
and meat quality), monitoring of green-house gas emissions (CO2 and N20), 
monitoring of soil biodiversity. Additionally, economic aspects should be 
included, because before a ‘sustainable management practice’ can be advised 
or encouraged by policies, the costs of implementing such practices and its 
profits needs to be quantified and / or the amount of compensation that policies 
may have to provide for implementing such management practices. 
     The Farm Platform provides an excellent opportunity for further research into 
precision agriculture or specific site management in grasslands. Once high 
resolution sampling has provided information on the distribution of yield limiting 
soil properties, site specific fertilizer applications could be employed followed by 
quantifying, whether such specific fertilizer applications a) alter the spatial 
distribution of soil properties (homogenization) and over what time scales, b) 
improve yields and provide financial benefits, c) provide reductions of diffuse 
pollution rates. Furthermore, the data gathered by soil sampling can be used to 
ground truth new remote sensing technologies to further the development of 
precision agriculture in grasslands, which at the moment is mostly researched 
and implemented in arable land (Schnellberg et al., 2008). 
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III. Conclusion 
 
This PhD thesis advanced the understanding of the effects of different 
grassland management practices on the soil-to-water transfer continuum by 
using a holistic approach: monitoring soil properties at high spatial resolution 
and water quality properties at high temporal resolution. The most important 
finding was that grasslands cannot be considered as a tool to resolve erosion 
and runoff issues from agricultural land, but that intensively managed 
grasslands, both permanently managed as well as managed as plough-
reseeds, contribute significantly to surface water pollution. Therefore, 
grasslands have to be carefully managed in terms of soil structure (surface 
compaction) and soil nutrient management (reducing surface accumulation of 
nutrients). Additionally, this PhD thesis highlighted the existence of soil spatial 
variation within fields and differences between fields in terms of soil properties 
and resulting water quality, despite being subjected to the same management 
and land use; thereby showing the need for site specific management in 
grasslands. The relative importance of diffuse pollutants changed with 
grassland management practice, through time and flow conditions, highlighting 
the importance of simultaneous monitoring of multiple diffuse pollutants. All 
findings emphasized the strong influence of past management on the 
functioning of grassland fields today. The findings of this PhD thesis should be 
acknowledged in further research, land management guidelines and advice for 
future compliance with surface water quality standards. 
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